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ABSTRACT
IDENTIFICATION OF THE MESODERM/ENDODERM INTERACTIONS
INVOLVED IN MURINE LIVER AND PANCREAS DEVELOPMENT
MAY 2018
JESSE R. ANGELO, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Kimberly D. Tremblay
The definitive endoderm, one of the three primary germ layers, arises during
gastrulation as a simple epithelial sheet that will produce the entire gut tube and
associated organs including the thyroid, lung, liver and pancreas. DiI fate mapping and
whole embryo culture were used to determine the endodermal origin of the 9.5 days post
coitum (dpc) dorsal and ventral pancreas buds. Our results demonstrate that the
progenitors of each bud occupy distinct endodermal territories. Similarly, previous data
has shown that the neighboring liver is formed from two separate progenitor populations.
Numerous studies have demonstrated that signals secreted from adjacent mesodermal
tissues are required for appropriate induction of the endodermal organs, including the
pancreas and liver buds. To determine the potential inductive tissue of the pancreas in
vivo, we assessed the spatiotemporal association of the pancreas progenitors and
neighboring tissues using a similar fate mapping strategy on tissues adjacent to the
pancreas progenitors prior to and at the onset of induction. We found that these tissues
are substantially anterior to the pancreas bud at E9.5, however, the extent of this dynamic
migration in unique to distinct populations of mesodermal tissue. The notochord
maintains a sustained interaction with the dorsal pancreas progenitors and repressive
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signals from the notochord have been implicated in the development of the dorsal
pancreas in both mouse and chick. Additionally the mesenchyme that surrounds both
dorsal and ventral pancreas buds is derived from coelomic mesothelium. We expanded
our study to the liver, examining the fate of the progenitor populations which remain
segregated and give rise to the rostral and caudal lobes, respectively. We found that the
rostral lobe mesenchyme is derived from anterior splanchnic mesenchyme while the
caudal lobe mesenchyme is also coelomic in origin. RNA sequencing of the rostral versus
the caudal lobes indicates transcriptional differences between these populations of
mesenchyme. Our data indicates that there may be two parallel pathways to the formation
of functional hepatic tissue. As a whole our work gives insight on the development of the
pancreas and the liver in vivo and supplies important data to the in vitro organ
differentiation field.
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CHAPTER 1
DEVELOPMENT OF THE PANCREAS AND LIVER FROM NAÏVE
ENDODERM TO ORGAN BUDS
1.1 Endoderm emergence and organogenesis
Both the liver and pancreas are derived from the endoderm, one of the three germ
layers that emerge during gastrulation. In addition to liver and pancreas, the endoderm
gives rise to the lungs, thyroid, and digestive organs including the gall bladder, stomach
and intestines [reviewed in (Zorn and Wells, 2009)]. Early endoderm is patterned into
three portions: the foregut, midgut, and hindgut. This patterning takes place as endoderm
emerges from the primitive streak as an epithelial sheet of cells that covers the ventral
surface of the developing murine embryo (Lawson and Pedersen, 1987; Tam et al., 2007).
Both the liver and pancreas form from the foregut endoderm through a carefully
orchestrated process of budding wherein the naïve epithelial sheet of endoderm thickens,
invaginates, and eventually invades the surrounding mesenchyme. This process is
directed by carefully timed and proportioned cues from adjacent mesenchymal tissues
[reviewed in (Zorn and Wells, 2009)].
Before the foregut endoderm is competent to respond to inductive cues and form
organ precordium, transcription factors such as FoxA1 and FoxA2, may play a vital role
in remodeling chromatin endodermal cells to make accessible other transcription factor
binding sites [reviewed in (Zaret and Carroll, 2011)]. This idea is supported by the
evidence of FoxA binding sites close to the enhancer site of hepatic gene, Albumin, that
appear crucial for its transcription (Bossard and Zaret, 1998; Liu et al., 1991).
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Furthermore, FoxA1 and FoxA2 deficient embryos form a gut tube but do not form a
liver or initiate expression of the hepatic gene Afp (Lee et al., 2005). Soon after
expression of FoxA1 and Foxa2, expression of early liver and pancreas specific genes are
detected indicating further patterning and cell fate decisions between endoderm that will
become an organ and endoderm that will become adjacent gut tube (Bort et al., 2006;
Burke and Oliver, 2002; Cascio and Zaret, 1991; Duncan et al., 1994; Jacquemin et al.,
2003b; Jonsson et al., 1994; Lee et al., 1999; Poll et al., 2006; Sherwood et al., 2009b;
Spence et al., 2009b). Hex, which is expressed in ventral foregut endoderm in the area of
the liver and ventral pancreas progenitors, is essential to the conserved transition from
naïve, columnar endoderm through pseudostratified epithelium to organ bud (Bort et al.,
2004b; Bort et al., 2006).
This process of differentiation and budding is directed by signals from the
surrounding mesenchyme, and each population of endoderm that will become an organ
bud has its own niche of mesenchymes sending it signals (Deutsch et al., 2001; Hebrok et
al., 1998; Lammert et al., 2001; Wang et al., 2015b; Watt et al., 2004; Yoshitomi and
Zaret, 2004b; Zhao et al., 2005). The liver and the pancreas are formed from two spatially
distinct populations of progenitors. The liver is formed from a pool of progenitors that
reside at the ventral medial endoderm lip (VMEL), and paired lateral progenitors (LP).
These two populations fuse upon formation of the gut tube, when outer endoderm is
internalized, and form a liver bud son after (Tremblay and Zaret, 2005). While the LP
contribute only to liver, the VMEL pool contributes to the thyroid, liver and ventral
pancreas bud (Angelo et al., 2012). This multipotency could indicate molecular
differences between these two progenitor populations. Similarly, the pancreas forms from
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two buds, one ventral and one dorsal, which are surrounded by different mesenchymes
and follow different pathways through specification (Apelqvist et al., 1997; Chung et al.,
2008; Deutsch et al., 2001; Hebrok et al., 1998; Lammert et al., 2001; Spence et al.,
2009b; Uemura et al., 2010a; Yoshitomi and Zaret, 2004b). This precedent of two
differing developmental pathways toward a functional organ highlights the importance of
studying the both the liver and the pancreas progenitors as two separate respective
populations and elucidating the signaling mechanisms that guide the development of each
portion.

1.2 Liver development
The liver bud forms after the convergence of its two progenitors populations, LP
and VMEL. Coincident with bud formation is the detectible expression of several liver
specific genes, such as Albumin, Afp, Prox1, and Hnf4a (Cascio and Zaret, 1991; Duncan
et al., 1994; Lee et al., 1999). This endodermal bud is surrounded by the septum
transversum mesenchyme (STM) and encased in a thin trail of endothelial cells, thought
to give rise later to the sinusoidal vessels of the developing liver [reviewed in (Zorn and
Wells, 2009)]. The liver bud goes on to invade the surrounding STM, intercalating with
mesenchyme and endothelial calls. Knockout and small molecule inhibitor studies in
mouse have demonstrated that signals from both the STM and surrounding endothelial
cells are necessary for liver bud growth and invasion (Matsumoto et al., 2001; Rossi et
al., 2001; Wang et al., 2015b). The endoderm-derived parenchyma differentiates into
hepatoblasts, the precursors of functional liver cell types. Hepatoblasts are thought to be
bipotential, giving rise to both hepatocytes and cholangiocytes, also known as biliary
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epithelial cells. It is thought that this fate decision depends on the location of each
hepatoblast, as cholangiocytes are located around portal veins while hepatocytes fill the
bulk of the liver (Lemaigre, 2003). The cells of the STM will differentiate into fibroblasts
and stellate cells. It has been thought that the liver bud is a homogenous structure that is
completely surrounded by the STM and that these two tissues intermingle and then go on
to give rise to the rostral and caudal lobes of the liver (Zorn and Wells, 2009). While this
data has been the longtime dogma of the field, recent literature and careful examination
of previous data indicates regional differences within the liver bud that appear to stem
from the two different progenitor populations (Wang et al., 2015b).
Hepatic induction, marked by genes such as Hex, takes place before convergence
of the progenitor populations and gut closure (Bort et al., 2004b). At this early time
point, the two hepatic progenitors lay over separate mesenchymes; the VMEL is bordered
by cardiac mesenchyme and the LP overlay the splanchnic mesenchyme of the lateral
plate (Jung et al., 1999; Tremblay and Zaret, 2005). As it is known that signals from
mesenchyme induce endoderm, and the neighboring pancreas has demonstrated the
precedent for parallel pathways to the same organ, it is important to consider the
differences between the liver mesenchymes. The data from previous explorations of liver
development, however, have been conducted under the assumption that the liver
progenitors are one population induced by signals from one mesenchyme. For example,
knockout, small molecule inhibitor, and explant experiments have provided the field with
data implicating FGFs from cardiac mesoderm and BMPs from septum transversum
mesenchyme (Jung et al., 1999; Rossi et al., 2001). What is notable from these
experiments is that only a portion of liver is analyzed. Data implicating cardiac tissue
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examines only VMEL derived hepatic endoderm. It is unclear which tissue is responding
to BMP signals as explants loose all positional information and the whole liver bud is not
analyzed in whole embryo experiments. This deficit was made apparent by a later study,
which showed that FGF abrogation affects anterior liver bud while allowing posterior bud
to develop normally (Wang et al., 2015). The current data begs reexamination in light of
the differences between hepatic progenitors and the developing liver bud.

1.3 Pancreas development
The two pancreas buds, ventral and dorsal, are evident by 9.5 days post coitum
(dpc) in the mouse. These independent structures are repositioned by the coiling of the
gut at 11.5 dpc to adjacent positions allowing them to fuse and further differentiate to
contribute to the adult organ (Pan and Wright, 2011). While budding is stereotypical in
endoderm organogenesis, this dual budding and fusion is unique to the pancreas (Zorn
and Wells, 2009). While both buds share several common molecular specification events
and are thought to contribute equally to cell types in the adult pancreas, bud formation
occurs in separate locations, surrounded by distinctive structures (Ahlgren et al., 1996b;
Fujitani et al., 2006a; Harrison et al., 1999; Kim et al., 1997; Li et al., 1999a; Pan and
Wright, 2011; Sherwood et al., 2009a; Yoshitomi and Zaret, 2004a; Zorn and Wells,
2009). Additionally, several transcription factors are expressed in one bud and not the
other, some of which have been shown essential to only one bud by knockout studies.
Data from transplant, explant and extirpation studies in mouse and chick have shown that
adjacent tissues are necessary for induction of the pancreatic program in pre-pancreatic
endoderm (Deutsch et al., 2001; Douarin, 1975; Gualdi et al., 1996; Hebrok et al., 1998;
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Kim and Melton, 1998; Kumar et al., 2003b). Because of the unique origins of the dorsal
and ventral pancreas buds, much of the data from these studies has addressed either bud
but not both. This complication necessitates detailed study of the pancreas and adjacent
tissues at early stages of induction to exact which signals are likely to act upon each bud
in vivo and in what order.
Dynamic rearrangement of the foregut and proximal tissues, during development
from early somite stages to turning, results from anterior-posterior as well as dorsalventral elongation. During this time, the foregut lip progresses caudally, creating dorsal,
ventral and lateral surfaces within the gut tube, and pulling the adjacent lateral
mesenchyme around the newly forming tube (Tam et al., 2007). While this results in
dramatic changes in lateral endoderm that will comprise the ventral gut and adjacent
lateral mesenchyme, the synchronous migration of dorsal tissues is occurring through
formation and rearrangement of dorsal structures. From 8.5-9.0 dpc cells from the lateral
somatopleure converge, augmenting the forming somites, the neural tube and adjacent
mesenchyme protrude dorsally, narrowing the embryo medially and expanding dorsalventrally (Angelo et al., 2012a; Franklin et al., 2008; Tremblay and Zaret, 2005).
Simultaneously, angioblasts are converging (1-2 somite stage [SS]) to form cords (3 SS)
that will form the paired dorsal aortae (6S) (Meadows et al., 2012). As the aortae
progress from cords to vessels with lumen, ventral-dorsal elongation increases.
The embryo grows along the dorsal-ventral axis as the neural tube closes, the
somites augment, and the aortae form the embryo. The notochord, which sagittally
bisects and is contiguous with the medial endoderm (1-7 SS), retracts from the endoderm
and moves dorsally in an anterior-posterior manner concurrent with foregut closure, to
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remain closely associated with the neural tube while moving away from the dorsal
endoderm (Stemple, 2005). By the 15 SS the notochord in the region of the dorsal
pancreatic endoderm has moved dorsally and these tissues are no longer contiguous. This
can be seen in Figure 1, which shows the closing of the foregut, marked throughout by
FOXA2 and SOX2 in dorsal endoderm that has not initiated budding. The notochord can
be identified by expression of FOXA2 and lack of SOX2. In 7 SS embryos the notochord
(white arrows) is contiguous with the dorsal endoderm (Fig. 1 A-D). As the gut tube
closes in more posterior sections and the liver bud develops (dashed line), the notochord
retracts from this anterior area (Fig. 1 E,F) but remains contiguous with more posterior
endoderm that covers the ventral surface of the embryo (Fig. 1 G,H). By the 14-16 SS the
notochord has retracted dorsally, the lateral portions of the gut move medially as the
embryo commences turning (Fig. 1 I-P). The endoderm continues this dorsal ingression
as the anterior gut tube closes forming internal ventral and dorsal surfaces. During this
process, mesenchyme migrates to loosely fill the space between the paired aortae,
notochord and endoderm.
Because of the dynamic movement of the foregut and surrounding tissues during
the time of pancreas induction and early development, we sought to define the position of
the dorsal and ventral pancreas progenitors and to map the movement of the tissues
contiguous with the dorsal progenitors before induction. With this information a spatiotemporal map can be created to elucidate the interactions of the pancreas progenitors and
possible inductive tissues.
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CHAPTER 2
A FATE MAP OF THE MURINE PANCREAS BUDS REVEALS A
MULTIPOTENT VENTRAL FOREGUT ORGAN PROGENITOR

2.1 Introduction
The embryonic endoderm initiates as an epithelial sheet that covers the ventral
surface of the developing embryo from approximately 7.0 days post coitum (dpc) until
the late headfold stage (~ 8.0 dpc). By the 2 somite stage (SS, ~8.25 dpc) the anteriormost endoderm and underlying tissue has created a slight depression resulting in the
production of the anterior intestinal portal (AIP) (Tam et al., 2007). The creation of this
fold heralds the onset of gut tube formation and distinguishes the dorsal and ventral
surface of the developing gut tube. Foregut tube formation occurs in a rostral to caudal
manner and by 9.5 dpc (~25 SS) the foregut has extended completely and initiated organ
budding, producing the thyroid bud, liver bud as well as the dorsal and ventral pancreas
buds. Between 9.5-9.75 dpc the lung buds appear and the emergence of new foregut
organ buds is complete (Cardoso and Lü, 2006).
Transplant and explant studies in mouse and chick have demonstrated that the
onset of endodermal organogenesis requires secreted factors from adjacent mesodermal
tissues (Deutsch et al., 2001; Douarin, 1975; Gualdi et al., 1996). Genetic studies, mainly
from lower vertebrates have implicated Wnt, fibroblast growth factor (FGF), retinoic acid
and the bone morphogenetic protein (BMP) pathways as being essential for the initiation
of endoderm organogenesis however such studies detailing the role for particular
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members of these signaling pathways in the mouse have generally been confounded by
their multiple essential roles throughout development (Zorn and Wells, 2009).
Furthermore, despite the medical importance of the ventral foregut organs, little is know
about the organ precursors prior to their overt specification. An understanding of the
location of the endodermal organ progenitor populations prior to the onset of budding
will allow for the better design of experiments aimed at determining the molecular events
required for the initiation of organogenesis.
Fate mapping the foregut organ precursors not only allows for a method of
identifying the organ progenitor population prior to their differentiation but can also
provide information regarding morphogenetic movements of the organ precursors. For
example, previous fate mapping experiments demonstrated that the liver bud arises from
2 distinct endodermal cell populations (Tremblay and Zaret, 2005). Symmetric left and
right lateral populations give rise to the bulk of the liver bud while the ventral midline of
the endoderm lip (VMEL) cells produce descendants confined to the ventral midline of
the developing liver bud. These results, in coordination with another fate mapping study
performed with slightly earlier embryos, have allowed for a better understanding of guttube closure in the mouse (Franklin et al., 2008; Tremblay and Zaret, 2005).
One goal of our work is to identify the pancreas progenitors in the endodermal
sheet prior to their molecular specification. To perform these studies we DiI labeled small
regions of the endoderm prior to specification, allowed the marked embryos to develop
through the pancreatic budding stage and then used an antibody against pancreatic and
duodenal homeobox 1 protein (PDX1) to determine if the dorsal and ventral pancreas
buds co-localize with the dye labeled endoderm. Between the 10-11 SS PDX1 expression
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is localized to the emerging dorsal and ventral pancreas buds (Jørgensen et al., 2007; Li
et al., 1999a). Although PDX1 specifically demarcates the pancreas buds until 9.5 dpc, by
10.5-11.5 dpc PDX1 is also detected in non-pancreatic tissues including the caudal
stomach endoderm, bile duct and in the rostral duodenum (Guz et al., 1995; Jonsson et
al., 1994; Offield et al., 1996).
In the following manuscript, DiI labeling was performed on 2-11 SS embryos that
were cultured until ~9.5 dpc. Using these methods we found that the dorsal pancreas
precursors arise from the endoderm that overlies somites 2-4 throughout the early somite
stages examined (2-11 SS). The majority of ventral pancreas precursors are located in the
left and right endoderm caudal to the lateral liver precursors and adjacent to the first
somite at the 6 SS that appear to migrate into the lateral regions of the ventral foregut lip
between 9-11 SS. We found that VMEL cells not only produces descendants in the gut
tube and the liver bud as described previously (Tremblay and Zaret, 2005), but also
contribute to much of the thyroid primordium and to the midline of the ventral pancreas
bud in 9.5 dpc embryos. Taken together these results provide information on the location
and organization of the foregut organ precursor population prior to and coincident with
the onset of organ specification.
We previously created a fate map of the early embryonic endoderm anterior to the
first somite using DiI (Tremblay and Zaret, 2005). To ascertain the location of the
pancreas progenitors in the preorganogenic murine endoderm we used a similar strategy,
labeling the endoderm posterior to the previously identified liver progenitor domain. The
results described herein were produced by manually labeling individual early somite
embryos with DiI, recording the position of the labeled tissue and analyzing the labeled
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cell descendants 28-30 hours later. During the culture period, the prespecified endoderm
becomes internalized via the process of gut tube formation and foregut organogenesis is
initiated. A combination of immunohistochemical and morphological criteria were used
to assess the location of the labeled cells at the end of the culture period.

2.2 Creation of a Caudal Foregut Fate Map
To assess the location of the pancreatic progenitors prior to the onset of pancreasspecific gene expression, the bulk of the fate mapping experiments were performed on 311 SS embryos. Because of the dramatic morphological changes that are apparent
between the 3 and the 11SS, and since short developmental windows within this period
have successfully been used to follow the progression of organ precursors, the data was
grouped into fate maps representing 3-5, 6-8 and 9-11 SS embryos (Fig. 1). The fate
maps are composed of the following: the 3-5 SS map is comprised of data from 22
different labeled embryos, the 6-8 SS map was generated from 31 labeled embryos and
the 9-11 SS map generated from 24 independently labeled embryos.
Each shape on the map represents the data acquired from a single labeled embryo.
Since the size, shape and position of the labeled endoderm at the onset of culture differed,
these attributes were approximated by the placement, size and shape of each data point in
the map. If the labeled group of cells contributed to a budding endodermal organ, then
that data point was allocated a color: yellow for ventral pancreas bud contribution, red for
liver bud contribution and blue for dorsal pancreas bud contribution. If a labeled group
of precursors contributed descendants to more than one organ, the shape was filled in
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with a gradient of the both colors (labeled descendants were never found in more than
two organ buds). Finally, if the labeled cells only contributed to the gut tube and lacked

Figure 1. Location of dorsal and ventral pancreas progenitors in early somite stage
embryos.
Maps summarizing labeling of 3-5S (A) 6-8S (B) and 9-11S (C) embryos. Each outlined
oval represents the location of the DiI label from one embryo. Labeled groups of cells
which contributed to the budding dorsal pancreas are shown in blue, those which were
found in the ventral pancreas bud are colored yellow, contributors to the liver bud are see
in red, while groups of cells which gave rise solely to gut tube are in white. Larger
labels, which gave rise to an organ bud and adjacent gut tube, are colored for the bud
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which they contributed to. The area where multiple labels of one color overlap is the area
where multiple labeling experiments gave rise to the same organ.
contribution to a budding organ, then the shape representing those labeled cells were
filled in with white. Since cells at the same position were sometimes labeled more than
once at each developmental stage, each shape and its color was made partially transparent
to accommodate this overlap. As a result, areas on the fate map with the darkest shade of
any one particular color represent areas where multiple labeling experiments gave rise to
the same organ (Fig. 1).
As has been observed in other murine endoderm fate mapping experiments as
well as herein, coherently labeled groups of precursors give rise to coherent patches of
labeled cell descendants (Tam et al., 2007; Tremblay and Zaret, 2005). These results
indicate that the endodermal sheet extends and grows without widespread cell mixing. If
organ fate was attributed to a group of cells, the cell descendants were either found
exclusively in that organ, or in that organ and in adjacent regions of the gut tube.
Similarly, if two organ fates were attributed to a group of cells, then labeled cell
descendants were found in both organs as well as in the gut tube spanning these organs
region. Given this assembly of data in the fate maps, the most accurate method of
assessing the location of organ precursors is to attribute organ fate to the area of
significant overlap rather than to the region labeled in any single labeling experiment.

2.2.1 Pancreas Progenitor Identification
The earliest reported onset of endogenous PDX1 is at the 9-10 SS in the lateral
endoderm proximal to the closing ventral foregut, presumably demarcating the ventral
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pancreas (Ahlgren et al., 1996b; Jørgensen et al., 2007; Li et al., 1999a). A second PDX1positive domain located in the dorsal gut appears at the 10-11 SS (Ahlgren et al., 1996b;
Jørgensen et al., 2007). These two domains of PDX1 accumulation are the earliest
markers for ventral and dorsal pancreas bud specification, and PDX1 localization
specifically demarcates the dorsal and ventral pancreatic buds at least until 9.5 dpc. To
assess pancreatic fate of the DiI labeled endoderm at 9.5 dpc, serial sections were made
and PDX1 IF performed. DiI colocalization with PDX1-positive cells was used to
attribute pancreas fate to the labeled progenitor population.

2.2.2 Dorsal Pancreas Progenitor Identification
Previous fate mapping experiments have demonstrated that the endoderm of the
dorsal gut tube gives arises from the endoderm proximal to the notochord in the
unspecified endodermal sheet (Franklin et al., 2008; Tremblay and Zaret, 2005). Thus it
is not surprising that dorsal pancreas colocalization with the DiI labeled cells at the end
of culture, indicated by the blue color on the fate map (Fig. 1), was restricted to embryos
that were labeled on midline-proximal endoderm. An example of an individual dorsal
pancreas labeling experiment is found in Figure 2. A single 9 SS embryo was labeled
with DiI on the endoderm overlying the third somite on the right side, as depicted in the
cartoon (Fig. 2A) and as directly visualized by the red fluorescence in the
fluorescent/bright field merged whole mount view of the actual labeled embryo (Fig. 2B).
This embryo was then cultured for 28 hours until it reached the 25 SS (Fig. 2C) and
sectioned as indicated. Analysis of all serial sections revealed that while DiI was absent
in the PDX1-positive ventral pancreas (Fig. 2D), the dye-labeled descendants overlapped
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with PDX1-positive cells in the dorsal pancreas (Fig. 2E). Even a 5 SS embryo, similarly
labeled on the endoderm overlying the third somite pair (Fig. 2F-G) and cultured through
the 20 SS (Fig. 2H) produced labeled descendants in the dorsal pancreas (Fig. 2I).
Significantly, all labeled embryos that produced descendants in the dorsal
pancreas (n=29, Fig. 2A-C) had been labeled in the endoderm overlaying somites 2-4
from 3-11 SS (3-5 SS, n=12; 6-8 SS, n=11; 9-11 SS, n=6). However, endoderm that was
labeled exclusively in that adjacent to this region did not produce dorsal pancreas,
suggesting that the endoderm overlying the second through fourth somite pair harbors the
dorsal pancreatic progenitors.
Close examination of embryos labeled on and proximal to the boundaries of the
dorsal pancreas progenitor domain demonstrates the maintenance of anterior-posterior
linearity through the culture period. Dorsal endoderm at the anterior edge of the
progenitor domain gives rise to dorsal endoderm both anterior to and within the anterior
portion of the dorsal pancreas. Similarly, pre-specified endoderm at the posterior
boundary of the dorsal pancreas progenitor domain gives rise to dorsal endoderm located
posterior to and on the posterior edge of the dorsal pancreas. For example, when a 5 SS
embryo was DiI labeled on the endoderm overlying the first and second somite (Fig. 2J),
the descendants were found in the non-pancreatic dorsal endoderm immediately anterior
to the dorsal pancreas (Fig. 2K) as well as a portion of the anterior-most dorsal pancreas
(Fig. 2L) but was not found in the more caudal portions of the dorsal pancreas (Fig. 2M).
Similarly when a 5S embryo was labeled on the dorsal pancreas boundary and slightly
more posterior (right somite 4-5, Fig. 2N) the DiI labeled cell descendants are not found
in the rostral portion of the dorsal pancreas (Fig. 2O) but instead are found to slightly
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Figure 2. Anterior and posterior boundaries of the presumptive dorsal pancreas.
A cartoon depicting a 9-11S embryo labeled over the third somite (A) and the actual 9S
embryo after initial label (B). After culture, the same embryo reached 25S (C), was
sectioned transversely and immunofluorescently labeled with an antibody against Pdx1.
Sections of the ventral pancreas (VP) and dorsal pancreas (DP) are seen in images D and
E, respectively, and are represented by dashed lines in C. A 5S embryo seen in cartoon
depiction (F) shows DiI labeled cells over the third somite pair which gave rise to the
dorsal pancreas. The embryo was labeled at 5S(G) and cultured to 20S (H), the
processed as above. DiI can be seen throughout the dorsal pancreas (I, I’). A
representative embryo labeled slightly anterior to the second somite (J) and processed as
above, shows DiI anterior to (K) and in rostral dorsal pancreas (L), which is identified by
Pdx1. DiI labeled cells are not seen in caudal dorsal pancreas (M). When DiI was
applied over the fourth somite, shown in the cartoon depiction of a representative 5S
embryo (N), DiI labeled cells were absent from rostral dorsal pancreas (O) but present
just caudal to the dorsal bud (P) and in the posterior gut tube (Q).
overlap with the PDX1-positive domain on caudal edge of the dorsal pancreas (Fig. 2P)
and to extend into the gut tube posterior to the dorsal pancreas (Fig. 2Q).
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To extend the temporal analysis of the dorsal pancreas progenitors, the endoderm
over the second somite at the 2 SS was labeled. The labeled cells from these early
embryos (n=2) also produced descendants within the dorsal pancreatic endoderm (Fig.3).
Taken together these results demonstrate that the dorsal pancreatic bud progenitors
overlie somites 2-4 from the 2 SS through the onset of dorsal pancreas specification by
the 11 SS (Ahlgren et al., 1996b).

Figure 3. 2 SS embryo contribution to the dorsal pancreas bud.
A) Two 2 SS embryos were labeled with DiI on the endoderm overlying the second
somite and cultured through the 18 SS. B-D) This 2 SS embryo was labeled in the
endoderm overlying somites 1-2 on the left side as indicated (small label in A) and
cultured until 18 SS (C). Section analysis of this embryo as indicated (C) demonstrates
that the DiI labeled descendants (red) were located anterior to (data not shown) and
within the left side of the PDX1-positive (green) dorsal pancreas bud (dp, arrowheads
indicate some regions of overlap). E) A section through another 2 SS embryo labeled
throughout the endoderm overlying the second somite pair as indicated (large label in A).
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The embryo was cultured through the 18 SS and sectioned to reveal localization of the
labeled DiI descendants (red) in the PDX1-positive (green) dorsal pancreas bud (dp,
arrowheads indicate some regions of overlap).
2.2.3 Ventral Pancreas Progenitor Identification
From 9.0-9.5 dpc, the ventral pancreas bud is adjacent to the rostrally located liver
bud. Our previous fate mapping results suggested that the ventral pancreas progenitors
were located at the caudal limit of the liver bud progenitors during the 1-3 SS (Tremblay
and Zaret, 2005) indicating the maintenance of the relative positions of the 9.5 dpc
foregut organs within the prespecified endoderm. Therefore, to identify the location of
the ventral pancreas precursors during later SS we focused on the left and right lateral
endoderm at the level of and posterior to the first somite. Using such a strategy we did
not recover any embryos demonstrating significant DiI labeling in the PDX1-positive
ventral pancreas bud when labeled from 3-5 SS (Fig. 1A, n=12).
Ventral pancreas progenitors were successfully and reproducibly labeled in the
lateral endoderm, rostral to the edge of the AIP between the 6-8 SS (Fig. 1B, n=6). For
example, the 6 SS embryo depicted in Fig. 4 was labeled in the lateral endoderm
extending from the right edge of the AIP to the to the endoderm lateral to the fourth
somite (Fig. 4A-B). As predicted from the previously published anterior foregut fate map
(Tremblay and Zaret, 2005), this label produced descendants in the lateral portion of the
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Figure 4. Ventral pancreas progenitors in relation to the adjacent presumptive liver
bud.
A) 6S embryo labeled in the lateral endoderm stretching from the rostral edge of the AIP
to the fourth somite, shown in cartoon depiction (A) and whole mount before (B) and
after culture (C). Upon immunofluorescent labeling of transverse sections (D,E) DiI
labeled cells can be seen contributing to the liver bud and adjacent gut tube (D) as well as
in the lateral ventral pancreas (E) denoted by Pdx1 antibody labeling.
liver bud (Fig. 4D). Other descendants, presumably from a more caudal region of the
initial label, were also found within the lateral portion of the ventral pancreas bud (Fig.
4E). While only a single labeled embryo produced descendants that were found
exclusively in the ventral pancreas bud, all other labeled endoderm that produced
descendants in the ventral pancreas also produced descendant in adjacent tissue buds
(Fig. 1B, n=6 ventral pancreas contributing labels; n=4 ventral pancreas and liver bud;
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n=1 ventral pancreas and dorsal pancreas bud). Although only 3 of 8 the labels that
produced descendant in the ventral pancreas bud were confined this bud, all of the 9-11
SS embryos that produced descendants in the ventral pancreas bud were labeled in
endoderm located within the left and right sides of the ventral lip of the AIP (Fig. 1C, n=
3 in ventral pancreas and liver bud; n=2 in ventral and dorsal pancreas). Finally, because
all embryos that were labeled in the left or right lateral endoderm gave rise to PDX1positive cells that are confined to the same side of the ventral pancreas bud, we next
sought to determine the location of the endodermal precursors that give rise to the middle
of the ventral pancreas bud.

2.2.4 VMEL cells give rise to the midline of multiple organs
We previously demonstrated that VMEL cells produce descendants in the midline
of the anterior gut tube as well as to the midline of the liver (Tremblay and Zaret, 2005),
and thus hypothesized that the ventral pancreas might also be derived from this cell
population. To test this hypothesis, we performed fate-mapping experiments by carefully
labeling small regions of the endoderm at the VMEL position (~5-30 cells; data not
shown) with DiI during the 2-8 SS. At the end of culture we examined the VMEL
contribution to all ventral foregut organs that are readily identifiable in the 9.25-9.5 dpc
embryo which include the thyroid, liver and ventral pancreas buds.
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Somite Stage of embryo at onset of culture.
An “X” denotes the presence of DiI labeled cells in this structure.
c
A “-“ indicates that no DiI labeled cells were found in this structure.
d
ML=midline.
b

Table 1. Summary of each VMEL labeled embryo’s contribution to the 9.5 dpc
ventral foregut buds.
Embryos are listed by the somite stage at the time of original label. All embryos were
cultured and labeled with antibodies against Pdx1, and in some cases against TTF1.
Those with DiI labeled cells which contributed to the thyroid are denoted with green, the
rostral liver with pink, liver midline (ML) in red and ventral pancreas ML in yellow.

The results obtained from VMEL labeling experiments are summarized in Table 1
and are demonstrated in Figure 5. Embryos labeled in the VMEL between 2-8 SS gave
rise to the midline of the ventral pancreas bud at 9.5 dpc (n=15/18, Table 1, Fig. 5F, M,
T). As expected from our previous experiments (Tremblay and Zaret, 2005), we found
that the VMEL population also readily contributed to the liver bud (n=18/18, Table 1 and
Fig. 5D-E, K-L, S). Two other interesting results were also observed. The first is that the
VMEL appeared to contribute differently to the rostral portion of the liver bud compared
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Figure 5. Contribution of VMEL to foregut organ buds in a temporally restricted
manner.
Labeling of the VMEL at early somite stage is shown by a representative 4S embryo
where DiI can be seen in the thyroid (A A’), rostral liver (B, B’) mid liver bud (C, C’)
and anterior ventral pancreas (D,D’). The initial label VMEl label, depicted in cartoon, is
visible throughout the foregut after culture, depicted in cartoon and whole embryo picture
with dashed lines representing transverse sections (A-D). Labeling at the 6-8S stage,
demonstrated here by a 6S embryo results in VMEL contribution to the rostral liver (E,
E’) mid liver bud (F, F’) and anterior ventral pancreas (G,G’). An 8S embryo
demonstrates the VMEL contribution to only the mid liver bud (H,H’) and ventral
pancreas (I, I’).
with the remainder of the liver bud (compare Fig. 5D to 5E and Fig. 5K to 5L). Secondly,
we found that the VMEL was capable of producing descendants in all 3 of the ventral
midline organs including the thyroid, liver and ventral pancreas buds, in a temporally
restricted manner. For example, while contribution to all 3 organs was noted in the
majority of the 2-4 SS embryos (n=4/6, Fig. 5A-F, Table 1), all 2-4 SS embryos (n=6)
contained DiI labeled cells that contributed to the thyroid bud. Thyroid bud contribution
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by the VMEL became restricted by the 5 SS (n=3/5, Table 1) and was no longer noted by
the 6 SS (Table 1). Most of the 5-6 SS VMEL labeled embryos that did not produce
descendants in the thyroid bud instead produced descendants in both the rostral and
midline of the liver bud as well as in the midline of the ventral pancreas bud (n=4/5, Fig.
5H-M, Table 1). A single 6 SS and both 8 SS VMEL labeled embryos produced
descendants that were restricted to the midline of the liver and pancreas buds (Fig. 5O-T,
Table 1). While these data are consistent with and extend on the previous observation
that the VMEL contributes to the gut tube and liver bud (Tremblay and Zaret, 2005),
these results are the first to show that the VMEL consists of an organ progenitor
population capable of contributing to the midline of all ventral midline positioned foregut
organ primordia at 9.5 dpc.

2.3 Discussion of endoderm fate-mapping results
As summarized in Figure 6, we found that the dorsal and ventral pancreas
precursor populations exist in identifiable domains within the unspecified caudal foregut
endoderm preceding known molecular or morphological hallmarks. Furthermore we
present data demonstrating that endoderm in the VMEL position contribute to all three
9.5 dpc ventral foregut tissue in a temporally restricted manner. At the 2 SS, the VMEL
cells are capable of contributing to the thyroid bud, rostral and midline of the liver bud as
well as the midline of the ventral pancreas bud. By the 6 SS the VMEL cell contribution
to the ventral foregut organs is limited to the rostral portion and midline of the liver bud
and to the midline of the ventral pancreas bud. By the 8 SS, VMEL cell descendants no
longer contribute to the thyroid or the rostral portion of the liver bud but are still able to
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Figure 6. Migration of foregut organ progenitors during early somite stages.
Cartoons depicting the movement of foregut organ progenitor cells in 3-5S (A), 6-8S (B)
and 9-11S (C) embryos. Endodermal populations that will give rise to organ buds are
depicted by colored ovals overlying each region. Blue indicates cells that will give rise to
dorsal pancreas, yellow indicates ventral pancreas, red areas will become liver and green
will contribute to the thyroid. Ventral midline endoderm that will contribute to multiple
organs contains the colors corresponding to each of the individual buds in which those
cells have been observed.
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contribute to the midline of the liver and ventral pancreas buds. These results suggest that
the VMEL is a multipotent foregut organ progenitor population that contributes to the
ventral foregut organs in a temporally defined rostral to caudal manner. While the rostral
limit of VMEL contribution to the foregut organ primordium is directly related to the SS
at which the VMEL was labeled (Table 1), the caudal limit of VMEL contribution to
ventral gut in our culture system is the ventral pancreas bud. In vivo lineage tracing will
be required to both confirm and expand on the role of the VMEL during later stages of
endodermal organogenesis.

2.3.1 Dorsal and Ventral Pancreas Progenitor Identification
Unlike that described for other vertebrates such as zebrafish (Field et al., 2003;
Ward et al., 2007) and chick (Matsuura et al., 2009), the mammalian literature suggests
that the dorsal and ventral pancreas buds contribute equal amounts of exocrine and
endocrine tissue to the adult organ. Intriguingly, the dorsal and ventral bud each has
different molecular requirements for early development suggesting that there are multiple
ways to create exocrine and endocrine tissues from the mammalian endoderm(Ahlgren et
al., 1996b; Fujitani et al., 2006a; Harrison et al., 1999; Li et al., 1999a; Yoshitomi and
Zaret, 2004a). The results presented herein, as well as those recently described elsewhere
(Miki et al., 2012), demonstrate that the dorsal and ventral pancreas buds arise from
distinct embryonic endoderm populations, highlighting yet another important difference
between these two organ buds. Given that inductive signaling is necessary for many
stages of early endoderm organogenesis, an interesting next step will be to delineate the
tissues that interact with and presumably induce the dorsal and ventral pancreas buds
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from the naïve endoderm. Here we have described a potential novel long-term interaction
between the dorsal pancreatic progenitor population and mesenchymal tissue proximal to
somites 2-4, pointing to these tissues as a potential inductive signaling source.

2.3.2 A Comparison of Pancreas Fate Maps
The location of the dorsal and ventral precursors presented herein, is similar to
another recently constructed murine fate map (Miki et al., 2012) with a few exceptions.
For example, while the size and general location of the dorsal pancreas precursors is
similar between the 2 fate maps, the precise location relative to somite number is slightly
shifted. Here we demonstrate that the dorsal pancreas precursors are located in the
endoderm overlying somite 2-4 from 2 SS through the onset of specification while the
others locate the dorsal pancreas progenitors to the endoderm overlying somites 3-6
between the 7-9 SS (Miki et al., 2012).
Although both groups locate the ventral pancreas progenitors in the VMEL and
lateral endoderm between the 2-4 SS and throughout much of the ventral AIP by 9S, the
two fate maps differ on the location of the ventral pancreas precursors from the 5-9 SS.
While Miki et al (Miki et al., 2012), suggest that the ventral pancreas precursors lie in a
continuous arc on the ventral AIP lip between 5-8 SS we show that the bulk of the ventral
pancreas precursors reside in 2 non-overlapping domains on the right and left side of the
closing AIP. Support for non-continuous placement of the ventral pancreas progenitors in
2 lateral strips at these stages is provided by at least 3 other pieces of evidence: 1) a
Pdx1-reporter drives β-galactosidase expression in 2 lateral stripes at 7-8 SS (Gannon and
Wright, 1999) 2) detection of the endogenous PDX1 protein in 2 stripes of lateral
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endoderm in the 8-9 SS mouse embryo (Ahlgren et al., 1996b; Jørgensen et al., 2007; Li
et al., 1999a) and 3) the lateral location of the PDX1-positive ventral pancreas
progenitors in chick (Matsuura et al., 2009).
The differences in the location of the bulk of the dorsal and ventral pancreas
precursors in the 2 fate maps could be attributed to inherent morphogenetic differences in
the genetic backgrounds used, differences in the extend of PDX1 expression at the
endpoints analyzed or the methods used to colocalize PDX expressing cells with the DiI
labeled descendants. Our analysis was performed at ~9.5 dpc, when PDX1 expression is
limited to the dorsal and ventral pancreas buds, while the others analyzed their embryos
at 10-10.5 dpc (Miki et al., 2012), when PDX1 expression is also present in the caudal
stomach and rostral duodenum (Guz et al., 1995; Jonsson et al., 1994; Offield et al.,
1996), which may result in attributing pancreatic fate to these adjacent gut tissues.
An important difference between the 2 fate maps includes our observation that the
VMEL population contributes to all 3 ventral foregut organs from the 2-5SS, while the
others observe a more restricted pattern of foregut contribution after VMEL labeling at
these early somite stages (Miki et al., 2012). Because the VMEL labeling is often faint
and, in our hands, most reliably discerned in section analysis the more restricted pattern
attributed to the VMEL descendants by Miki et al (2012), may simply be due to
differences in experimental design, including making the bulk of the DiI observations in
whole mount and culturing for longer periods of time, which could result in an inability
to detect a faint DiI signal. It is also possible that the VMEL contribution to the 10.5 dpc
gut differs from that of the 9.5 dpc gut. An independent method of VMEL labeling
should be used to distinguish these alternatives.
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2.3.3 VMEL contribution to the ventral pancreas bud
Recent studies of murine Sox17, a Sox-related transcription factor, have
highlighted the importance of Sox17 in gall bladder and bile duct formation and have also
demonstrated that the 9.5 dpc ventral pancreas bud is actually a composite bud (Spence et
al., 2009a; Uemura et al., 2010b). While the lateral regions of this bud contains prepancreatic tissue, the ventral midline of the early ventral pancreas bud is fated to form the
gall bladder (Spence et al., 2009a). These data suggest that the VMEL contributed region
of the 9.5 dpc ventral pancreas bud is not only comprised of a progenitor population that
is distinct from the lateral ventral pancreas bud cells, but that these progenitors are also
functionally distinct: the lateral portions of the bud produce pancreatic tissue while the
midline portion of the bud produces the gall bladder.

2.3.4 Role of the VMEL in chick, mouse and human- a conserved progenitor
population
The initial description of a VMEL cell-like contribution to the ventral foregut was
described in the chick (Kirby et al., 2003) where two experimental methods, including
DiI labeling, were used to reveal that the VMEL cells contributed to the ventral foregut in
a rostral to caudal stripe. Although the authors did not examine organ bud contribution of
VMEL descendants, they initiated their analysis at early post-gastrulation stages
demonstrating that VMEL cells originate from the rostral end of Henson’s node and
suggesting that the cells might be acting as a ventral midline organizer.
Regardless of its mechanistic role, given the distinct rostral/caudal ventral midline
tract of the VMEL cells in mouse, one hypothesis is that embryos with abnormal VMEL
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cells would exhibit multiple defects in the ventral midline of endoderm derived organs.
Indeed, mice lacking Hex, a gene expressed in the extending AIP during early somite
stages, including throughout the VMEL region described herein, demonstrate defects in
the thyroid, liver and ventral pancreas bud formation (Hunter et al., 2007; Martinez
Barbera et al., 2000; Thomas et al., 1998). At least some of these phenotypes could be
attributed to improper caudal migration of the midline progenitor populations (Bort et al.,
2004a).
A survey of the human disease literature finds a devastating pediatric disease,
termed Martínez-Frías syndrome, which has been hypothesized to be due to an
embryonic ventral midline defect (Galán-Gómez et al., 2007; Martínez-Frías et al., 1992).
Patients with Martínez-Frías syndrome have trachea-esophageal fistulas, extra-hepatic
(and occasionally intra-hepatic) duct defects, biliary agenesis, annular or hypoplastic
pancreas and intestinal fistulas. Many of the phenotypes noted in these patients suggest
incomplete closure of the ventral gut midline and are also consistent with defects in the
VMEL contribution to the developing gut. Further investigation of the VMEL population
at the molecular level is critical as is deciphering the role this population plays in ventral
gut morphogenesis.
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CHAPTER 3
USE OF LASER-MEDIATED CELL ABLATION DURING EARLY
POSTIMPLANTATION MOUSE DEVELOPMENT

3.1 Introduction
Selective cell ablation is an effective tool for the study of differentiation, cell
migration, and tissue interaction. Current ablation techniques used in the vertebrate
embryo center on genetic approaches such as tissue specific Diphtheria toxin A-chain
(DTA) expression (Hu and Cross, 2011; Kopp et al., 2011; Lee et al., 1998; Stuckey et
al., 2011) in mouse, as well as toxin–antitoxin strategies such as complimentary parD
Kid-Kis expression (Nehlsen et al., 2010) and targeted expression of cytotoxic
compounds such as E.coli nitroreductase (Curado et al., 2007; Slanchev et al., 2005) in
fish. While these techniques are specific and reproducible, they lack the flexibility to
target a genetically indiscrete portion of tissue. Additionally, genetic ablation techniques
carry the inherent investment of generating and maintaining transgenic animals.
Chemical ablation agents offer efficient cell destruction without the need to create
animal lines. Tissue specific compounds, such as those available for neural ablation, offer
highly specific, temporally restricted cell destruction but are only applicable to a narrow
range of tissue types (Ciutat et al., 1996; Rite et al., 2005; Sai et al., 2009). Non-tissue
specific agents, such as hydroxyurea, are dependent on developmental events, allowing
for selective lineage ablation and temporal but not spatial specificity (Armstrong et al.,
1998; Sweeney et al., 2012).
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Laser-mediated cell ablation has been used to study cell lineage, regeneration, and
tissue specific signaling of externally developing organisms such as C. elegans (FangYen et al., 2012; Schulze et al., 2012; Yanik et al., 2004), zebrafish (Kohli and Elezzabi,
2008; Zhang et al., 2012), frogs (Mondia et al., 2011) and Drosophila (Abreu-Blanco et
al., 2011; Kiehart et al., 2000; Soustelle et al., 2008; Supatto et al., 2005). An advantage
of laser ablation is that it can be used with both temporal and spatial specificity and is
hindered only by the target cells’ accessibility. If a cell population is not visually distinct,
genetic or physical cell labeling can aid with identification of the target cell population
(Fang-Yen et al., 2012; Thayil et al., 2008; Yanik et al., 2004). During mouse
development, the use of lasers for cell-ablation has been confined to preimplantation
embryos. Infrared lasers have been shown to be an effective tool to destroy individual
blastomeres from a 4-cell embryo or to remove trophectoderm from expanded blastocysts
(Cortes et al., 2008; Sanmee et al., 2011; Tanaka et al., 2006) without damaging the
remainder of the embryo.
Cell ablation in post-implantation mouse embryos is hindered by the stringent
requirements of a viviparous model. Here we present a method for selective cell ablation,
coupled with whole embryo culture, that allows for the selective ablation of tissues or
portions of tissues on the ventral surface (exterior) of the early postimplantation embryo.
These tissues include those with inductive properties such as the node, notochord and
anterior visceral endoderm (AVE) as well as portions of the visceral or definitive
endoderm.
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3.2 Use of laser ablation in mammalian embryos
In this study, a microscope guided infrared laser is used to specifically ablate a
100-200 µm2 area of definitive endoderm in 8.25-8.5 dpc embryos which are then
cultured for ~1 day to examine how ablation of particular endoderm precursor
populations affects gut tube formation and organ specification. While ablation of a dorsal
gut tube precursor population does not result in any identifiable morphological changes to
the gut tube, we find that ablation of one of the two symmetric lateral liver precursor
populations results in a liver bud that is smaller and lacks differentiation markers on the
ablated side but maintains normal growth and gene expression on the contralateral side.
Taken together, our results demonstrate that laser ablation is compatible with normal
development and that ablation can be used to assess cell fate during mouse development.
Because of the precision of laser-mediated cell ablation, we anticipate that in addition to
cell fate, this technique will facilitate a closer examination of the requirement of early
inductive tissues during development.

3.2.1 Optimization of laser mediated ablation in post-implantation embryos
Ablation within the definitive endoderm was performed on 8.25-8.5 dpc (4-14S)
embryos. A 300 mW infrared laser mounted on the 20X objective of an inverted
microscope equipped with an x, y-plane motorized stage was used (Fig. 7A-C). Because
the laser is designed to ablate cells on the surface of a tissue culture dish, the
embryo/target tissue must be securely positioned as close to the bottom of the dish as
possible. The embryos are secured using a silicone holder in a tissue culture dish
submerged in 37°C dissection media. The embryo is properly positioned using a
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Figure 7. Inverted microscope guided laser-ablation.
A-C) The laser, conjugated to a 20X objective on an inverted microscope (A) is viewed
from above (B) and below the tissue culture dish (C). D-E) Because precise and efficient
ablation occurs at the inner surface of the tissue culture plastic, the buoyant embryo is
positioned with a silicone rubber holder (D) and further stabilized with a silicone plug
(small block in E). F) Correct positioning (foregut facing the bottom of the dish) is
verified at higher magnification. G) The field of view during manipulation allows for
clear identification the notochord (No), somites (S) and ventral foregut lip (VF). The
white asterisk is placed on the ectoplacental cone in D-F.
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dissecting microscope (Fig. 7D-E) and once secured, the dish is transferred to the
inverted microscope where correct positioning is confirmed under the 4X objective (Fig.
7F) before switching to the 20X objective for ablation (Fig. 7G).
Laser-mediated cell ablation is accomplished by rapidly heating discrete areas to
high temperatures. The extent of damage caused by the laser is controlled by three
parameters: pulse duration, percent of power used and distance of the sample from the
laser’s focal point. If a cell lies outside the focal plane, only a fraction of the laser’s 300
mW potential is received by that cell. Cells within the laser’s shallow depth of field are
subjected to temperatures ranging from 80°C at the edge of the beam waist to 140°C at its
center. This is illustrated in Figure 8A, which depicts a transverse section through an
~8.5 dpc embryo with the light path of the laser (gray) and the generated heat gradient
(orange scale).
To establish optimal parameters for cell ablation in whole embryos, laser power
was kept constant at 100% and embryos were subjected to a range of pulse durations (25200 µs) every 10 µm over a similarly sized total area. Whole mount views of an embryo
treated with different pulse durations on equivalent areas of endoderm/visceral endoderm,
followed immediately by propidium iodide (PI, a membrane impermeant DNA stain) and
Hoechst incubation illustrate the range of affects elicited by pulse duration (Fig. 8B).
The amount of PI integration at 25 µs is negligible and at 50 µs is low, indicative of subthreshold pulses. With 200 µs pulse durations, substantial non-specific cell loss was
observed (discussed more below). Pulses in the range of 100-150 µs appeared optimal
based on the consistent, high degree of PI staining.
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Figure 8. Laser-mediated ablation of surface cells.
A) An illustration of a transverse section of an 8.5 dpc embryo. Neural tube (blue),
notochord (green), mesenchyme (orange) and endoderm (red) are drawn to scale. The
predicted area of laser penetration (black ellipse) lies within the focal plane of the 20X
objective. The light path from the objective is represented by grey triangles. The
maximum temperature is generated at the center of the focal plane and decreases away
from the focal plane as indicated (red-orange scale to the right). B) Similar sized areas
were pulsed on the endoderm/visceral endoderm border of an 8.5 dpc embryo with
durations ranging from 25 to 200 µs as indicated. After treatment the embryo was stained
with both propidium iodide (PI), which produces a red fluorescence in the nucleus of
cells with ruptured membranes, and the nuclear stain Hoechst. C-D’) Whole mount views
of an embryo treated with 150 µs pulses targeted to the exposed endoderm before (C-C’)
and after (D-D’) addition of trypan blue (TB). E-F) Transverse sections through an
embryo treated as above (C-D) then sectioned and subject to immunofluorescence,
demonstrates that TB staining (E-F arrowheads) is limited to FOXA1 expressing cells
(green, F) on the embryonic surface.
Under optimized conditions, damage to the targeted definitive endoderm is
observed with bright-field microscopy as small circles in the tissue (Fig. 8C, C’ between
arrows) which are more easily visible by the addition of trypan blue (Fig. 8D, D’ between
arrows), a membrane impermeant dye that is excluded from live cells but produces a blue
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stain in cells with disrupted membranes. Section analysis reveals that trypan blue is found
only on surface cells, and is excluded from underlying cells, highlighting the laser’s
specificity (Fig. 8E, arrowheads). FOXA1, which is expressed in the definitive
endoderm, notochord and floor plate, clearly demarcates all of the trypan blue stained
cells, further demonstrating the specificity of the ablation. The clusters of FOXA1 and
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trypan blue-positive endoderm (arrowheads, 9E-F) represent the clumps of dead cells that
appear after laser treatment (Fig. 8C-D’).
To further investigate the specificity of ablation we investigated the effects of
optimal and greater than optimal pulse durations on histological architecture. The preand post-ablation images of a similar region of three different embryos subjected to a
range of pulse durations are shown in Fig. 9 (A-C, 140 µs; D-F, 200 µs; G-I, 300 µs).
With 140 µs pulses, damage is limited to surface cells with no apparent disruption of
underlying tissue architecture. As noted in Fig. 8, this treatment level resulted in clusters
of PI labeled tissue, representing the clumps of dead cells and cell debris (Fig. 9C,
between white arrowheads). E-Cadherin, a component of adherens junctions, is normally
present at areas of epithelial cell-cell contact, but is disrupted in the ablated region (Fig.
9C, between white arrowheads). Normal epithelial morphology is maintained in the
contralateral side of each section (Fig. 9C, F and I between green arrowheads). Laminin,
a component of the basement membrane, appears similarly localized in the ablated area
and contralateral side, suggesting that the extracellular matrix is minimally perturbed
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Figure 9. Optimized ablation parameters maintain embryo integrity.
A-B, D-E, G-H) Whole mount views of individual embryos pre- (A, D, G) and postablation (B, E, H). Each embryo was subjected to endoderm ablation, using the indicated
pulse duration over a similar sized area, on the left side of each embryo (between white
arrows). With 300 µs pulses the ablated area bulges outward (compare G to H),
indicating an immediate loss of tissue integrity. The red dot seen in some of these images
is the laser-guide. C, F, I) After ablation, each embryo was transversely sectioned and
subjected to immunofluorescence analysis of CDH1 (red), a cell junction marker, and the
basement membrane marker Laminin (green). The ablated area is located between the
white arrowheads. The area outlined by each box is viewed at higher magnification (C’,
F’, I’). The area between the green arrowheads demarcates the undisturbed contralateral
side of the embryo. C-C’) Laser treatment with pulse durations of 140 µs results in loss
of endoderm cell junctions and clustering of cell debris without significant disruption of
the basement membrane. F-F’) 200 µs pulses produces gaps in the basement membrane
and fragmentation of the underlying somitic tissue (yellow arrowhead). I-I’) 300 µs pulse
durations extirpate endoderm and the underlying basement membrane as well as
fragmenting the underlying somites (yellow arrowheads).
with 140 µs pulses (Fig. 10C). Pulses of 200 µs durations lead to less specific ablations
that decimate endoderm, leaving observable gaps in the embryo (Fig. 9F-F’, between
white arrowheads) and damage the underlying somitic tissue (yellow arrowhead). With
300 µs pulse durations, extensive non-localized tissue damage occurs, resulting in a gross
disruption of tissue architecture including loss of the endoderm and underlying tissues
(Fig. 9I, I’). Whole mount views of the embryo before (Fig. 9G) and after (Fig. 9H) 300
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µs pulses reveal a distortion of the embryo at the ablated areas, indicating that the
damage was immediate. The non-specific damage resulting from 200 or 300 µs pulses
renders these pulse durations unsuitable for experimental use. Notably, even the most
severe pulse durations did not result in apoptosis of neighboring tissues outside the field
of ablation, as assessed by immunofluorescent staining for active Caspase-3 (data not
shown). Taken together, these results suggest that with optimized laser settings, laser
ablation can be used to specifically ablate target tissue in the context of the whole embryo
without significant damage to adjacent cells.

3.2.2 Culture of laser manipulated embryos and ablation of organ precursors
If laser ablation is to be an effective tool for studying developmental processes, then the
ablated embryos must retain the ability to develop normally. To explore the systemic
effects of laser-mediated ablation, embryos were subjected to partial gut tube precursor
ablation at 6S (n=5), 8S (n=2), 9S (n=2), and 11-14S (n=5), with similar results observed
regardless of starting age. Figure 10A depicts a representative 6S embryo in which a 100
X 150 µm area of definitive endoderm over the first somite on the left side was ablated
using 120 µs pulses. Fate mapping studies have revealed that this area will give rise to the
dorsal gut tube rostral to the dorsal pancreas bud (Angelo et al., 2012; Tremblay and
Zaret, 2005). The proximity of the ablated area to the future dorsal pancreas bud allowed
us to locate the ablated domain after 27 hours of culture (Fig. 10B). All endoderm-ablated
(Fig. 10C-E) embryos formed a liver bud and both a dorsal and ventral pancreas bud
which each displayed appropriate expression of the liver and pancreas-specific markers,
HNF4α and PDX1 respectively. Furthermore, FOXA1 labeling of the ablated area
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demonstrated no apparent disruption in the epithelium of the dorsal endoderm, suggesting
that that the ablated area underwent repair during culture without disrupting the orderly
emergence of adjacent foregut organs.

3.2.3 Endoderm Ablation to Assess the Requirement of Liver Bud Precursors
Given that laser-based ablation of large regions of the endoderm can be performed
without altering organ bud emergence we next sought to investigate the requirement of
putative endodermal organ progenitors on organ budding. We previously identified 3
discrete domains of unspecified ventral foregut endoderm in the early somite embryo
(8.25-8.5 dpc) that contribute to the bilaterally symmetric liver bud (Angelo et al., 2012;
Tremblay and Zaret, 2005). Two of these domains include similarly sized areas within
the right and left lateral endoderm that flanks the somites prior to gut tube formation.
Our fate mapping experiments suggested that these left and right lateral domains
contribute to the left and right side of the liver bud. To determine the requirement of the
endogenous liver precursor domain for liver bud development, we ablated an area of
approximately 140 µm2 encompassing much of the right or left lateral progenitor domain
leaving the contralateral domain intact (Fig. 10F). To discern the ablated and contralateral
sides after culture, we labeled the contralateral endoderm with DiI and cultured the
embryos for ~27 hours (Fig. 10G). At the end of culture, embryos were imaged and
sectioned to examine liver bud development.
We found that liver precursor ablation resulted in distinct phenotypic
characteristics in the normally symmetric liver bud (Fig. 10H-I). The side of the liver bud
to which the ablated cells were believed to contribute always appeared smaller and
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displayed fewer signs of differentiation than the DiI-positive contralateral side (n=6/6).
For example, in the embryo depicted in Fig. 10F-I, marked growth and expression of the
differentiation marker, HNF4α was mainly confined to the DiI-positive contralateral side
of the liver bud (Fig. 10H-I, compare with C). Importantly, expression of the endoderm
marker FOXA1 revealed that a continuous layer of endoderm surrounded the ablated side
of the liver bud, suggesting that the initial wound successfully healed.
Given the observation that ablation of one of the lateral liver precursors always
resulted in a smaller liver bud on that side, we next performed a more detailed analysis of
control and manipulated embryos, without DiI labeling (Fig. 10J-O; n=7). The endoderm
marker FoxA1 is found throughout the entire gut tube and the symmetric HNF4α/AFP
expressing liver bud of control embryos (Fig. 10J-L). Although the endoderm marker
FOXA1 is apparent throughout the gut tube and liver bud of ablated embryos (Fig. 10M),
the liver differentiation markers HNF4α and AFP are appropriately expressed on the
contralateral side but not apparent on the ablated (right) side (Fig. 10N-O).
We next examined the size of the ablated and contralateral side of liver buds from
individual embryos. The size of the ablated side is always smaller than that of the
contralateral side (Fig. 10P). The size of the contralateral side ranged from 3000 µm2 to
12500 µm2 while that of the ablated side was confined to a range of 1400 µm2 to 6000
µm2. The narrow size range of the ablated side may be indicative of the amount of
regrowth the liver precursors are able to accomplish over the culture period of 27 hours
or could be indicative of the inability or delay of the ablated side to undergo the rapid
proliferation that is typical of the liver bud at the end of culture [9.5 dpc; (Duncan,
2003)].
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Figure 10. Ablation of putative liver precursors, but not adjacent endoderm,
impairs liver bud development.
A-E) The endoderm that is fated to contribute to the dorsal gut tube proximal to the liver
and pancreas buds was ablated in this 6S embryo (between arrows in A). After culture
through 25S (B), section analysis reveals normal expression of the endoderm marker
FOXA1, the liver bud (lb) differentiation marker HNF4α and the ventral (vp) and dorsal
pancreas (dp) marker PDX1 (C-E, arrow in D indicates the area typically colonized by
the ablated dorsal endoderm). F-G) Much of the left lateral liver progenitor domain of
this 6S embryo was ablated (between arrows in F) and the contralateral (right) side
labeled with DiI. Whole mount views of the resultant 24S embryo after culture reveals
localization of the DiI cells (red) to the liver bud (G). Section analysis reveals that the
HNF4α (green) expressing liver bud cells are confined to the DiI-positive (red)
contralateral side of the embryo (H-I). J-O) Section analysis of a control (J-L) and a left-
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liver progenitor ablated embryo (M-O) after culture reveals that the control liver bud
displays bilateral symmetry on the right and left sides (bud outlined by white dashed line)
and that expression of the liver bud markers HNF4α (grey, K) and AFP (red, L) are
found throughout the control liver bud. Although FOXA1 is found throughout the liver
bud of ablated embryos (M) both HNF4α and AFP expression are confined to the
contralateral (right) side of the tissue bud (N-O). P) A comparison of the size of the
ablated and contralateral side of liver buds from individual embryos manipulated at the
somite number indicated and cultured through the tissue budding stage. Q) A comparison
of the average sizes of the right and left side of control (n=9) and that of the ablated and
contralateral side of the liver precursor ablated embryos displayed in P. While no
significant differences are found between the size of the left and right sides of control
liver buds nor that of the contralateral side of laser treated embryos, the ablated side of
the liver bud is significantly smaller than that of the contralateral side.
To determine if the growth of the contralateral side was comparable to that of
control embryos we measured the area of the left and right side of control cultured
embryos (n= 9). Although the average area of the ablated side of liver buds was
significantly different from that of the contralateral side, the average size of the
contralateral side of the liver bud is not statistically different from that of either the left or
right sides of control embryos (Fig. 10Q). These results suggest that while the left and
right side of the liver bud normally grow at the same rate, the growth and differentiation
of one side is independent of the other.

3.3 Discussion of laser ablation and potential applications
In summary, targeted cell ablation is a simple yet powerful tool for use with
mammalian embryos. By pairing laser ablation with whole embryo culture, we have
demonstrated that it is possible to study the fate of specific tissue domains that are not
genetically distinguishable, and therefore inaccessible by genetic methods. Temporal and
spatial-specific ablations, such as those demonstrated herein by laser ablation, can shed
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light upon the fate and requirement of embryonic tissues, competence and re-patterning
of “naive” tissues and can be used to examine embryonic tissue repair.
An interesting aspect of this work is the observation that the basement membrane
remains intact with the optimized ablation parameters. The basement membrane is a
scaffold and a signaling platform for migrating cells, modulating growth factor and
nutritional exchange as well as offering structural support for the generation of proper
epithelial architecture. Methods to strip overlying cell layers from the basement
membrane such as salt treatment or ethylene diamine tetraacetic acid (EDTA) do not
result in complete removal of the epithelium and the commonly used alternative,
trypsinization, may diminish the structure of the membrane by disrupting the linkage
between the laminin and collagen layers via cleavage of perlecan (Duncan, 2003; LeBleu
et al., 2007; Li et al., 2012; Zang et al., 2012).
Laser ablation followed by whole embryo culture can be used to examine the
developmental requirements of a variety of inductive tissues that are on the surface of the
developing mouse embryo including the AVE, node, and notochord as well as the fate or
requirement of portions of tissues that line the surface of the conceptus such as the
visceral and definitive endoderm. While classic tissue extirpations designed to understand
the requirement of the AVE and node have been performed in the mouse (Davidson et al.,
1999; Thomas and Beddington, 1996), the precision provided by laser ablation with an
inverted microscope can now be used to determine the requirement of the inductive tissue
without altering adjacent tissues or even the underlying basement membrane.
Furthermore, laser ablation can be used to perform a more detailed assessment of the
requirement of discrete portions of these inductive tissues. Finally, as detailed in Figure
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10, we suggest that this technique can be used to better understand the implicit
requirements of endoderm organogenesis, narrowing the temporal window of inductive
interactions and gaining more specific insight into the signals necessary for organ growth.
Laser ablation of discrete regions of the endoderm has the potential to define the temporal
window of receptivity of organ progenitors to inductive signals in the context of the
whole embryo.
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CHAPTER 4
IDENTIFICATION AND FATE MAPPING OF THE PANCREATIC
MESENCHYME

4.1 Introduction
The pancreas arises from naïve foregut endoderm and is induced, patterned and
undergoes further differentiation in response to signals provided by adjacent mesoderm
derived tissues. Distinct ventral and a dorsal pancreas buds each arise independently from
the foregut endoderm by 9.0 days post coitum (dpc) in mouse and day 26 in human
[reviewed in (Gittes, 2009)]. Although each bud can be identified by 9.0 dpc as Pdx1
expressing evaginations of stratified epithelium, they have different molecular
requirement to form pancreatic endoderm from the foregut endoderm (Ahlgren et al.,
1996; Ahlgren et al., 1997; Fujitani et al., 2006; Harrison et al., 1999; Jacquemin et al.,
2003; Li et al., 1999; Sherwood et al., 2009; Yoshitomi and Zaret, 2004).
We previously used a fate-mapping approach to identify the dorsal and ventral
pre-pancreatic endoderm in the early endodermal epithelium (Angelo et al., 2012;
Tremblay and Zaret, 2005). The dorsal pre-pancreatic endoderm overlies the dorsal
midline between somites 2-4 prior to induction, which we identify as the onset of Pdx1
expression in the dorsal pancreas and is generally thought to occur between the 10-12
somite stage (S) in mouse, while the ventral pre-pancreatic endoderm is lateral and
anterior to the dorsal, demonstrating that the progenitors interact with distinct mesodermderived tissue. Dorsal progenitors can be induced by adjacent mesoderm-derived tissues
to initiate the appropriate pancreatic program (Kim et al., 1997; Lammert et al., 2001).
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In contrast rather than being induced, the ventral foregut endoderm appears to have a
default pancreatic state (Deutsch et al., 2001). A variety of experimental data from mouse
indicates that the ventral pancreas is restricted by FGF and BMP signals that promote
formation of the adjacent endoderm-derived organ, the liver bud (Chung et al., 2008;
Deutsch et al., 2001; Palaria et al., 2018; Spence et al., 2009). Thus the differences in the
induction of the pancreatic program between the dorsal and ventral pre-pancreatic
endoderm underscores the distinct transcriptional requirements noted above.
Numerous studies have demonstrated that signals secreted from adjacent
mesoderm are sufficient to induce pancreatic gene expression from competent endoderm
(Dessimoz et al., 2006; Hebrok et al., 1998; Kim et al., 1997; Kumar et al., 2003; Wells
and Melton, 2000). Several tissues, including the dorsal aortae, lateral plate mesenchyme,
and notochord, are sufficient in the context of tissue recombination experiments in chick,
to induce pancreas-specific gene expression from pre-pancreatic endoderm, and thus all
have been hypothesized to be endogenous inducers of pancreas development (Apelqvist
et al., 1997; Hebrok et al., 1998; Kim et al., 1997; Kumar et al., 2003). For example,
recombination experiments demonstrate that lateral plate mesoderm induces PDX1 from
anterior foregut endoderm. Additionally, secreted factors normally expressed from lateral
plate mesoderm such as Activin A, BMP or Retinoic Acid are each sufficient to induce
pancreatic markers from anterior endoderm/mesoderm explants. Conversely, inhibition of
Activin or BMP, is sufficient to inhibit Pdx1 expression in pre-pancreatic
endoderm/mesoderm explants (Kumar et al., 2003). Furthermore, either Activin βB,
produced by the notochord, or FGF2, produced by lateral plate mesoderm, is sufficient to
induce Pdx1-expression in isolated endoderm (Hebrok et al., 1998). Given that all current
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clinical work designed to create functional pancreatic cells from stem cells in vitro is
focused on mammalian tissues, it is important that the signal or signals involved in
pancreas induction are identified in mammalian systems.
After pancreas bud induction and emergence, the nascent buds are associated with
another mesoderm-derivative, the condensed pancreatic mesenchyme, which guides
pancreatic epithelial proliferation, differentiation and morphogenesis. Early studies
demonstrated that the pancreatic epithelium is responsive to cues from pancreatic and
non-pancreatic mesenchyme, influencing cytodifferentiation towards more endocrine or
exocrine fate (Golosow and Grobstein, 1962). Later co-culture studies refined this idea,
demonstrating that pancreas mesenchyme induced acinar fate, basement membrane rich
conditions led to ductal fate, while endoderm cultured without added mesenchyme
promotes islet growth (Gittes et al., 1996; Miralles et al., 1998). Furthermore, when cocultures are performed with the condensed pancreatic mesenchyme and pancreatic
epithelium, both the maturity and proximity of that mesenchyme to endoderm affect
exocrine/endocrine differentiation. Proximity of mesenchyme to pancreatic epithelium
dictates the proportion of exocrine to endocrine cells (Li et al., 2004). Furthermore, the
maturity of pancreatic mesenchyme dictates its ability to pattern competent epithelium.
Recombination of 11.5 dpc pancreatic epithelium with 10.5 dpc mesenchyme results in a
less mature epithelium when compared to 10.5 dpc pancreatic epithelium/11.5
mesenchyme co-cultures (Rose et al., 1999). More recent explant studies suggest that at
13.5 dpc, pancreatic mesenchyme may be responsible for maintaining the balance
between the PDX1+ progenitor population and differentiation into a terminal endocrine
fate (Attali et al., 2007). Finally in vivo ablation of pancreatic mesenchyme highlights its
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role in directing early pancreatic endoderm growth and differentiation and in the
acquisition of appropriate morphogenesis during later pancreatic development (Landsman
et al., 2011). These data indicate a plasticity of the pancreatic epithelium and underscore
its dose-dependent sensitivity to signals. While the importance of the pancreatic
mesenchyme has long been appreciated, the embryonic origin of the pancreatic
mesenchyme is unknown. For example, it is not known whether the mesoderm adjacent
to the dorsal pre-pancreatic endoderm is the same as that which later condenses around it
or if a separate mesenchyme migrates to surround and guide pancreatic morphogenesis
and differentiation.
To identify which of the adjacent mesoderm-derived tissues exhibit a sustained
interaction with the pre-pancreatic endoderm and early-specified pancreas thus meeting
our criteria as an inductive tissue, we created a DiI fate map of the mesodermal tissues
proximal to the dorsal pancreatic progenitors immediately prior to and at the onset of
induction as indicated by the onset of Pdx1 expression and bud formation. Although it is
not possible to discount a step-wise specification of the dorsal pancreas via multiple
transient interactions, the co-culture and explant data demonstrates that the induction of a
pancreatic program from competent dorsal endoderm requires at least 18 hours of stable
interaction, thus we reasoned that identification of a sustained mesoderm-pre/pancreatic
endoderm interaction in vivo would highlight a likely inductive event. We find that the
majority of mesoderm adjacent to the dorsal pre–pancreatic endoderm at 8.5 dpc are
substantially displaced from the nascent pancreas buds by 9.5 dpc while a defined portion
of the labeled notochord remains adjacent to the dorsal bud during and shortly after the
induction period. Because none of this mesoderm gave rise to the condensed dorsal
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pancreas mesenchyme, we extensively fate mapped the mesoderm lateral and posterior to
that described above. Towards this goal, we identify a discreet portion of the 8.5 dpc
coelomic mesothelium as contributing descendants to both the dorsal and ventral
pancreatic mesenchyme. These data shed light on potential pancreas-inductive tissue in
the mammalian embryo and help tease apart the body of pancreas literature gathered from
diverse species while highlighting an unanticipated complexity in mesoderm-endoderm
interactions during post-gastrulation mammalian development.

4.2 Fate mapping of tissues associated with the dorsal pancreas progenitors
We previously demonstrated that the dorsal pancreas progenitors are localized to the
definitive endoderm that overlies somites 2-4 of the 3-11S mouse embryo (Angelo and
Tremblay, 2013). During these stages, the dorsal pancreas progenitors lie directly over
the somites, lateral plate mesenchyme and dorsal aortae and are directly apposed to or
contiguous with the medially located notochord. To further explore the interaction of the
pre-pancreatic endoderm and adjacent tissues, we labeled discrete portions of prepancreatic endoderm, which lies on the surface of the embryo, as well as proximal
underlying mesoderm. To insure that the two labeled tissues were proximal, we plunged a
DiI-filled pipette through the pre-pancreatic endoderm into the underlying mesoderm,
ejected a small bolus of DiI to label this mesoderm and then withdrew to label the
overlying endoderm. Figure 11 illustrates the immediate outcome of such a label. This 7S
embryo was labeled, fixed and sectioned sagittally to reveal DiI in the pre-pancreatic
endoderm and ventral half of the second somite (Fig. 11A,B,B’; somites are numbered).
These structures are easily identified in the false-colored enlargement, (Fig. 11B’’; green
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endoderm, orange somites, arrow points to injection site). It is notable that in this
example, the injection itself caused some aberrant scattering of cells between somite and
endoderm. While this figure illustrates that a limited amount of cell damage occurs at the
onset of the experiment, we find that in a typical labeling experiment, where embryos are
cultured for at least 24 hours, the post-culture mesoderm derived structures appear
morphologically normal and structures containing labeled cells appear symmetric with
their unlabeled lateral counterpart. Finally we should note that in this and other whole
mount images throughout this manuscript, the visible DiI is usually that on surface
endoderm while overlying tissues tend to occlude any underlying mesoderm label. It was,
however, possible to see the point of injection during the labeling process, thus directing
our fate mapping procedure.

Figure 11. Example of a DiI labeled Embryo.
(A) A 7-somite (S) embryo labeled over and in the second somite with DiI (red). (B) A
DAPI stained sagittal section of the same embryo shows DiI in the overlying prepancreatic endoderm and in the underlying somitic mesenchyme, better seen in
enlargement (B’), and site of DiI release (arrowhead). (C) False color rendition of the
same section highlights endoderm (green) and somites (orange). hf=head fold, h= heart,
somites are numbered
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These data demonstrate that we are able to label discrete, internal portions of the
mesoderm adjacent to pre-pancreatic endoderm. Because the mesoderm-derived tissues
are closely juxtaposed and because DiI quickly but not instantaneously precipitates out of
solution, rarely is the initial label restricted to a single mesoderm lineage and thus
precision is limited. However, because DiI only fluoresces when incorporated into
membranes and because membranes are divided between daughter cells, such limitations
are overcome by imaging the embryo at the onset of labeling and by careful identification
the labeled descendants at the end of culture in section analysis. Finally we should note
that prior to 8S the notochord has not yet submerged and is contiguous with the prepancreatic endoderm (Balmer et al., 2016) and thus during these stages, midline
endoderm labels may also include notochord.
We next examined the association of the pre-pancreatic endoderm and underlying
mesoderm during development. Because the dorsal pre-pancreatic endoderm overlies
somites 2-4 of the 3-11S embryo, we chose fate map the mesoderm underlying and
proximal to somites 2-4 at these stages and slightly later using DiI. After DiI-labeling,
embryos are cultured for at least 24 hours, through the early stages of dorsal pancreas
development. This strategy ensures that the DiI-labeled mesoderm is proximal to the prepancreatic endoderm at the start of culture and allows us to determine how these tissue
populations are ultimately arranged not only after the onset of pancreas development but
also after embryonic turning, gut tube formation and germ-layer inversion.
The extent, location and types of mesoderm labeled in each of the 32 DiI-labeled
embryos (E1-E32) are summarized in Figure 12. To discern the identity of the labeled
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Figure 12. Mesenchyme Fate Mapping Summary.
Individual embryo data from all 34 fate mapped embryos is presented vertically in the
chart. Each embryo was given a number (E1-E34, for reference purposes here and
throughout subsequent figures), the somite stage of each embryo at the onset of culture is
indicated and the location of the initial DiI label provided. The initial label was limited to
the mesoderm proximal to the dorsal pancreas progenitors, which lies within the
endoderm proximal to somites 2-4. The vertical grey boxes delimit the boundary of each
listed embryonic structure. Each cluster of colored lines represents data from one embryo,
and the color of each line within indicates the structure to which labeled cells contributed.
mesoderm at the end of culture, each embryo was sectioned transversely and fluorescence
used to identify the DiI-labeled descendants and the immunolabeled PDX1+ pancreas
buds. We should note that although all embryos presented herein were DiI-labeled in a
portion of the pre-pancreatic dorsal endoderm and underlying associated mesoderm, the
information in the summaries includes only information on the mesoderm.
Several general trends can be appreciated from the mesoderm fate-mapping
summary (Fig. 12). The first is the dramatic separation of initially contiguous mesoderm
sub-types. Because each label was discrete and localized, we were surprised to find such
a wide distribution of mesoderm derivatives that were initially apposed. The second is
that each mesoderm sub-type contributed descendants that were anterior to the dorsal
pancreas bud in a pattern unique to each tissue-type and is discussed below.

4.2.1 Most mesoderm surrounding the dorsal pre-pancreatic endoderm and early
pancreas bud interact transiently
The separation of labeled mesoderm from the dorsal pancreatic endoderm, is
illustrated by the representative embryo labeled at the lateral edge of the second somite
(Fig. 13B-C; herein referred to as lateral labels) at 5S and cultured through 9.5 dpc (Fig.
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13D). In this embryo the anterior most DiI-labeled cells are in the dorsal aorta (blue

Figure 13. Most mesenchyme /pancreatic endoderm interactions are transient.
A) Illustrations representing post-culture embryos with a portion of the morphological
structures used as landmarks indicated on the first illustration and deciphered in the box
below. The dashed line on each of the smaller illustrations indicates the approximate
location of the transverse plane exhibited by the sections below it. B-I) An illustration of
Embryo 2 that was DiI labeled at the border of somites 1-2 of the 5S embryo (B) and
shown in whole mount before (C) and after (D) culture to 22S. Analysis of transverse
sections through this embryo (planes represented by dashed lines through D) reveals the
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anterior-most DiI in the dorsal aorta (structures indicated by blue asterisk, blue
arrowheads indicate DiI labeled dorsal aorta; E), slightly more posterior DiI is found in
dorsal aorta, adjacent mesenchyme and sclerotome (orange arrowheads; F). Sections
containing liver bud (white dashed outline, lb) show DiI in sclerotome and
dermamyotome (peach arrowheads; G), while DiI is absent from mesenchyme in more
posterior sections containing the ventral and dorsal pancreas buds labeled
immunofluorescently for PDX1 in green (white dotted outline, vp and dp, respectively;
H,I). As expected DiI is present in the dorsal pancreatic endoderm (I). J-Q) A 1-2 somite
label in an older 11S embryo (J, K) cultured to 30S (L; inset in L’ shows a magnified
view of the DiI label) shows a similar spread of mesenchyme labeled by DiI. In anterior
most sections the label is found in in dorsal aorta (M), then more posteriorly in
sclerotome (N), and finally in somatopleure descendants (pink arrowheads, O). The
dorsal pancreatic endoderm endoderm was also labeled (P,Q). R-X) Embryo 6 was
labeled at the presumptive third somite (R-S) and cultured through 21S (T) and produced
DiI descendants that begins in the embryo than more anterior labels (U-V, compare to EF). Absence of DiI in mesenchyme near ventral (W) and dorsal pancreas (X) is
maintained. Y-DD) In this 12 S embryo labeled over the lateral portion of the third
somite (Y-Z), after culture through 28S (AA) the DiI label is more condensed and is
present in a limited area around the liver bud (BB) and ventral pancreas (CC) but absent
from the mesenchyme in sections containing dorsal pancreas (DD). The embryo number
under B, J, R, Y corresponds to those listed in Figure 2. Th,, thyroid; op, otic pit; ba,
branchial arch; at, common atrial chamber; vn, primitive ventricle; stm, septum
transversum mesenchyme; lb=liver bud; vp, ventral pancreas; dp, dorsal pancreas. Arrowheads indicate DiI in structures color coded as listed. Blue asterisks demarcate
dorsal aortae. Red arrows point to DiI labeled dorsal pancreas bud.
asterisk) and adjacent mesenchyme. These labeled descendants stretch from the caudal
most region of the head (marked by the otic placode and thyroid; Fig. 13E, blue
arrowhead, op and th respectively) to regions containing caudal aspects of the heart (Fig.
13F, between blue arrowheads). As the aortic label ends, a separate medial-lateral
population becomes apparent within the somitic sclerotome and dermamyotome (Fig.
13F-G’, orange and peach arrowheads, respectively). Both aortae and somite, which are
proximal to the pre-pancreatic endoderm at 8.5 dpc, are located anterior to the dorsal
pancreas bud at 9.5 dpc. The caudal extent of the labeled mesoderm is located in sections
containing the posterior liver bud (Fig. 13G, dashed line, lb) and thus labeled mesoderm
is absent from sections containing ventral pancreas (Fig. 13H, dotted line, vp) as well as
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those containing DiI-labeled dorsal pancreas (Fig. 13I dotted line, dp, red arrow). A
representative older (11S) embryo illustrates that the pattern of anterior aorta label
followed by medial-lateral somite label is consistent throughout the stages examined (215S, compare Fig. 13B-I to Fig. 13J-Q). In this older embryo, DiI-labeled aortic
endothelium and adjacent mesenchyme are present anteriorly, near the level of the otic
placode and the branchial arches (Fig. 13M,N). We find that mesoderm that is initially
proximal to the first and second somites produce descendants that are surprisingly
anterior to descendants of the pancreatic endoderm. Not only are mesoderm and
endoderm displaced from one another but the direction and extent of displacement is
unique to each mesodermal subtype. An example of this can be seen in whole mount in
Figure 13L where the labeled dorsal aortae stretches along the rostral/caudal axis while
labeled somitic mesenchyme has spread dorsoventrally (Fig. 13L, enlarged in L’).
Because our fate-mapping strategy produces multiple mesoderm-derived labeled tissues
in each embryo, an analysis of the pattern of descendants produced by multiple embryos
allows us to determine the borders between the antecedents of these tissues. For example,
a comparison of lateral labeled mesoderm in young embryos (2-6S; Fig. 13B-I) to middle
of a somite (also referred to as mid-somite) mesoderm labels in comparably staged
embryos (Fig. 13R-X) demonstrates that the antecedents of the dorsal aortae and mediallateral somitic mesoderm extend from the middle to the lateral of a somite. Mid-somite
labeling of younger embryos (Fig. 13R-S) cultured to ~9.5 dpc (Fig. 13T) not only results
in labeling of the dorsal aortae and medial-lateral somite (Fig. 13U-V, blue and orange
arrowheads, respectively), but also notochord and migrated sclerotome (Fig. 13V, yellow
and purple arrowheads, respectively). As both lateral and mid-somite labels give rise to
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dorsal aortae and medial-lateral sclerotome/dermamyotome, we conclude that their
antecedents are within the area that the initial labels overlap.
The area occupied by each somite proximal mesoderm domain narrows mediolaterally as the embryo develops from a relatively simple, and fairly flat, structure to one
that has differentiated and expanded dorsoventrally. This observation is most apparent
when comparing the descendants produced by similar labels performed on embryos at
different stages. For example, mid-somite labels in older embryos (6-15S; Fig. 13Y, Z)
cultured to ~9.5 dpc (Fig. 13AA) produces descendants within the dorsal aortae (blue
arrowheads), medial-lateral somite (orange arrowheads) and mesenchyme dorsal to the
gut tube (purple arrowheads, Fig. 13BB-CC) but no notochord label. This is in contrast to
the younger embryo described above (Fig. 13R-X), which is a similar label at a younger
initial age. Additionally, lateral labels in younger embryos gave rise to midline
sclerotome (Fig. 13B-I) while similar labels in older embryos did not (Fig. 13J-Q). A role
of initial embryo age in extent of anterior migration of tissues is also notable. For
example, when the mesoderm is similarly labeled on the third somite in younger (2S; Fig.
13R-X, Embryo 6) and older embryos (11S; Fig. 13J-Q, Embryo 28), the aortic label
extends further anterior in the younger embryo.

4.2.1.1 Sustained interaction of the notochord and dorsal pre-pancreatic endoderm
Embryonic midline (hereafter referred to as midline) labels performed at all stages
examined (2-15S) produced DiI-positive notochord that often remained in the same A/P
domain as the dorsal pancreas bud (n=15/20), suggesting that a regional domain of the
notochord consistently interacts with the dorsal pancreas from the progenitor (until 10-
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12S) through early budding stages (Fig. 12). Several trends are observed in embryos with
labeled notochord. Unlike other labeled mesoderm-derivatives, the notochord is the only
one that repeatedly displays a discontinuous distribution of labeled cells (n=5/20) and is
the only labeled mesoderm-derivative that is repeatedly observed posterior to the dorsal
pancreas (n=7/20; Fig. 12). Furthermore, notochord labeled embryos often include the
presence of labeled midline mesenchyme, presumably migrated scleretome. For example
a 3S embryo labeled at the midline of the second somite pair (Fig. 14A,B) was cultured
through 24S. DiI-labeled descendants are present in the notochord and in the dorsal
mesenchyme around the notochord in section containing rostral portions of the
developing ventricles of the heart (Fig. 14C,D). In sections containing the anterior liver
bud, DiI+ notochord-proximal mesenchyme remains, while DiI is notably absent from the
notochord (Fig. 14E, purple arrowhead). In more caudal sections that also contain the
dorsal pancreas, labeled notochord is present (Fig. 14F, red arrow indicates DiI-labeled
pancreas) and the labeled notochord extends slightly caudal to the pancreas (Fig. 14G). A
similar pattern of DiI-labeled notochord and notochord proximal mesoderm is found
upon labeling the medial-lateral of the third somite in a slightly older embryo (Fig. 14H-I,
13S). Labeled notochord and adjacent mesenchyme are apparent in sections anterior to
the liver bud, while only the notochord is labeled in sections containing the dorsal
pancreas bud. DiI is absent from the notochord in sections between the liver and dorsal
pancreas buds (Fig. 14K-N). Very small labels in other tissues resulted in scattered cells
sparsely labeled throughout a portion of that tissue, appearing to be a result of dilution
rather than separation of groups of labeled cells. When a gap in labeling is observed in
notochord, DiI is robust rostral and caudal to the portion of unlabeled cells, making it
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Figure 14. The notochord maintains its proximity to the dorsal pancreas.
A-G) A midline DiI label at somite 2 of the 3S embryo depicted in the illustration (A)
and photographed in whole mount before (B) and after (C) culture to 24S. Analysis of
transverse sections (plane indicated by dashed lines in C) reveals DiI in the notochord
(yellow arrowhead) and adjacent cells, presumably migrated sclerotome (purple
arrowhead), in sections rostral to (D) and containing the liver bud (lb, white dashed
outline; E). DiI is present in notochord at the level of the dorsal pancreas bud, labeled
immunofluorescently for PDX1 in green, (white dotted line, dp; F) and extending slightly
more posterior (G). H-N) Similar labels produced on a 13S embryo (H-I) reveals DiI in
cells around the notochord in more anterior sections (K), and in the notochord in sections
that contain dorsal pancreas (M-N). lb, liver bud; vp-ventral pancreas bud; dp, dorsal
pancreas bud. Purple arrowhead indicates DiI in scleortome, yellow arrowhead indicates
DiI in notochord, blue arrowhead indicates DiI in dorsal aortae, blue asterisk demarcates
the dorsal aortae, red arrows point to DiI labeled dorsal pancreas bud.
unlikely that this is an artifact of dilution (compare Fig. 14E to D, F, and L, M to K, N).
Taken together these observations suggest that the notochord that is displaced posteriorly
may be distinct from the anteriorly extending portion (Cambray and Wilson, 2007; Le
Douarin, 2001; Yamanaka et al., 2007).
In conclusion, although the pre-pancreatic endoderm is surrounded by a variety of
mesoderm, many of which have been shown to support pancreas induction in explant
assays, the notochord is the one tissue that exhibits a sustained regional interaction with
the dorsal pancreatic endoderm.
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4.2.2 Coelomic mesothelium contributes to the dorsal pancreatic mesenchyme.
An important step in the patterning and differentiation of the initially uniform
pancreatic bud is the accumulation and interaction of the dorsal pancreatic epithelium
with a condensed ISL+ mesenchyme (Ahlgren et al., 1997; Attali et al., 2007; Li et al.,
2004). Because this mesenchyme, hereafter referred to as the dorsal pancreatic
mesenchyme (DPM), directs the differentiation from naïve pancreas epithelium to
endocrine and exocrine cell lineages, we sought to determine its mesodermal source and
the time at which it becomes proximal to the dorsal pancreas bud. Based on the amount
of anterior displacement displayed by mesoderm-derivatives proximal to the prepancreatic/ early pancreatic endoderm, we focused these studies on mesoderm-derived
tissue lateral and posterior to those examined above.
To identify the DPM, we DiI-labeled discrete portions of 6-14S embryonic
mesoderm, cultured the embryos for at least 24 hours and sectioned to identify the
labeled mesoderm descendants. DiI-labeling of midline cells (n=9, Fig. 16A-C),
somatopleure (n=23, Fig. 16D-F), and splanchnopleure, (n=91, Fig. 16G-I) never resulted
in labeled DPM. The only tissue we identified that contributes to the DPM is the ISL1+
dorsal coelomic mesothelium adjacent to the 7th-9th somite pairs in the 8-13S embryo.
Figure 5A summarizes the coelomic mesothelium data and highlights an 8S embryo
labeled at the level of the 8th somite (Fig. 15B,C) that was cultured to 26S (Fig. 15D) and
produced DiI-labeled descendants in both the ISL1+ coelomic mesothelium adjacent to
the dorsal pancreas bud and in ISL1+ DPM that appears to be migrating from the
coelomic mesothelium (Fig. 15E,E’). Because the dorsal pancreas progenitors are located
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Figure 15. Coelomic mesothelium gives rise to dorsal pancreas mesenchyme.
A) Summary of dorsal coelomic mesothelium labels. Embryos are assigned a letter
(Embryos a-l). The initial somite stage and assigned an anterior/posterior level of the
initial label are given. The vertical grey boxes represent the boundary of each listed

61

embryonic structure, red lines indicate the anterior/posterior span of DiI labeled coelomic
cells as observed in transverse sections of each embryo after culture through the
indicated. B-E) A DiI labels the coelomic cavity adjacent to the eighth somite of an 8S
embryo, represented in the illustration (B) and photographed in whole mount before (C)
and after (D) culture to 26S. Immunofluorescently labeled sections for ISL1 (white) and
PDX1 (green) show DiI (red) in coelomic mesothelium and in ISL1+ mesenchyme dorsal
to the dorsal pancreas bud (E, E’). F-I) A similar initially labeled embryo (F, G) cultured
to 39S (H) shows DiI throughout ISL1+ mesenchyme adjacent to the dorsal pancreas (I).
J-N) A more anterior label in the coelomic cavity at the seventh somite of an 8S embryo
(J, K) cultured through 25S (L) reveals DiI in the coelomic mesothelium and adjacent
mesenchyme anterior to the dorsal pancreas (M) but absent in sections containing the
pancreas buds (N).
over the 2nd-4th somites in 8-13S embryos, our data suggests the coelomic-derived DPM
is not in direct contact with the pancreatic progenitors until after 13S. Interestingly,
although the numbers are limited, we find that the ventral coelomic mesothelium can also
contribute to the mesenchyme surrounding the ventral pancreas bud (n=3, Fig. 17).
Intriguingly, and unlike the early inductive mesoderm, these results suggest that the
ventral pancreatic mesenchyme and DMP share a common mesoderm-derived source.
Dorsal coelomic labels at the 6-7th somite level produced labeled dorsal
mesenchyme immediately anterior to and sometimes at the level of the dorsal pancreas
(Fig. 15A; Embryos a-g), indicating that the anterior boundary of the presumptive DPM
is approximately at the 6th somite pair. An example embryo labeled within the coelomic
cavity at the 7th somite (Fig. 15J,K) and cultured to 25S (Fig. 15L) displays DiI+ cells in
in coelomic mesothelium anterior to the dorsal pancreas bud (Fig. 15M), but absent from
sections containing pancreas buds (Fig. 15N).
Because much of the literature regarding the patterning role of pancreatic
mesenchyme has focused on later stages of development (10.5 dpc), we sought to
confirm that the mesenchyme adjacent to the dorsal pancreas bud at ~9.5 dpc is that
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Figure 16. Midline mesenchyme and lateral plate labels do not give rise to
pancreatic mesenchyme.
A-C') A representative midline labeled 12S embryo in illustration (A) and whole mount
view (B) cultured to 26S and sectioned shows DiI (red) in a few scattered midline cells
between neural tube and gut. D-F) Labels within somatopleuric mesenchyme (D, E)
result in DiI labeled cells lateral to the dorsal pancreas bud and never proximal (F,F’). GI) Labels of splanchnic mesenchyme (G, H) result in DiI labeled cells lateral to the gut
and never proximal to either pancreas bud (I,I’).
which has been characterized at ~10.5 dpc. Thus we repeated the coelomic mesothelial
labels with embryos that were cultured for up to 48 hours, through ~10.5 dpc. Such an
embryo, labeled at 13S in the coelomic mesothelium proximal to the 8th -10th somites
(Fig. 15F,G), and cultured to 39S (Fig. 15H) produces DiI-labeled descendants that are
apparent throughout the ISL1+ DPM (Fig. 15I). At these later stages of development,
both the pancreas and duodenum express PDX1 and thus the dorsal pancreas is outlined
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by the white dotted line. Although the duodenum is DiI+, indicating that this endoderm
overlies the coelomic mesothelium that will contribute to the DPM, the dorsal pancreas
itself is not, consistent with our previous data, identifying the dorsal pre-pancreatic
endoderm as that overlaying somite pairs 2-4 (Angelo et al., 2012).
Finally it is important to note that while only a small number of DiI + cells appear
to be in the process of migrating out of the mesothelium at ~9.5 dpc, a larger proportion
of labeled cells are apparent in the DPM at ~10.5 dpc. This supports the hypothesis that
the DPM infiltrates the dorsal space around the bud between these time points. This is
important, as one would expect the mesenchyme that queues endocrine and exocrine
differentiation to be in contact with pancreatic epithelium after the onset of induction.

Figure 17. Ventral coelomic mesothelium contributes to ventral pancreas
mesenchyme.
A-C) An example of a 14S embryo labeled in the coelomic cavity at the seventh somite
(A, B) and cultured to 27S. Sections of this embryo were labeled immunofluorescently
for PDX1 (green) show DiI (red) in the ventral coelomic mesothelium and mesenchyme
adjacent to the ventral pancreas bud (C, C’).
4.3 Discussion of mesodermal fate mapping
Several mesoderm-derived tissues including lateral plate mesoderm, endothelial
cells of the dorsal aortae, and the notochord are each capable of inducing pancreatic gene
expression from nascent chick endoderm (Apelqvist et al., 1997; Hebrok et al., 1998;
Hebrok et al., 2000; Kim et al., 1997; Kumar et al., 2003; Lammert et al., 2001).
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However few of these data have been directly recapitulated in mouse. Furthermore, given
the extensive amount of morphogenesis that occurs during early organogenesis in the
mammalian embryo, an additional gap in the literature includes whether any of the
candidate inductive tissues engage in stable interactions with the pre-pancreatic and early
pancreatic endoderm. The fate mapping presented herein demonstrates that most
mesoderm proximal to the dorsal pancreas progenitors immediately before or during
specification is transiently associated with the pre-pancreatic endoderm and is displaced
anterior to the nascent dorsal pancreas bud. Conversely, the same portion of the
notochord remains associated with the dorsal pancreas prior to, at the onset of and
slightly after the onset of pancreas induction. Thus, unlike any other potentially inductive
interaction, the notochord and dorsal pancreatic endoderm maintain a relatively stable
and sustained interaction, supporting data that has shown the notochord to be involved in
pancreas induction.

4.3.1 Mesenchyme Fate Mapping Reveals Unique Tissue Migrations
An important aspect of this work is identifying a significant amount of
displacement between initially contiguous mesoderm and endoderm beginning at early
somite stages. Between 8.5-9.5 dpc a series of dynamic changes in morphology are
grossly apparent. In the region of the developing foregut, a substantial amount of
remodeling results from the closing of the gut tube, turning of the embryo, expansion of
the dorsal-ventral axis and remodeling of developing structures such as the dorsal aortae,
somites and gut itself (Garriock et al., 2010; Santibanez et al., 2011; Tam, 1981; Tam et
al., 2007; Tam and Behringer, 1997; Tremblay and Zaret, 2005). Our data reveals the
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constant, dynamic flow of tissues prior to, during and immediately after embryonic
turning. Specifically as the endoderm, and the mesoderm dorsal and lateral to it, expand
and differentiate during this period of development, our data reveals that they are rapidly
displaced from one another.
In general we find that mesoderm and endoderm that are initially adjacent during
early somitogenesis produce descendants in which the endoderm is positioned posterior
to mesoderm, with the exception of notochord, by 9.5 dpc (Fig. 12). Additionally we find
that labeled mesoderm descendants produce continuous trails along the A/P axis while
labeled endoderm remains in a relatively more intact domain (Fig. 12,13). This type of
migration is not unprecedented; indeed at gastrulation stages mesoderm and endoderm
appear to have divergent trajectories from the primitive streak to meet at the developing
anterior. The endoderm moves longitudinally from the primitive streak across the distal
tip of the embryo to the forming anterior while the mesoderm moves laterally from the
primitive streak toward the anterior (Lawson and Pedersen, 1992; Tam and Behringer,
1997).
Labels made at the anterior most somites result in streaks of cells that spread over
large portions of the embryo, both along the A/P axis and dorsoventrally as sclerotome
moves toward to notochord and somites differentiate into sclerotome and dermamyotome
(Fig. 12C Embryos 1-8, 10, 11, 14, 15, 19, 20, Fig. 3B-X). It should be noted that the size
of labels after culture reflects the initial number of cells labeled (compare Fig. 12C
Embryo 8 versus Embryo 9). Importantly and also apparent in Figures 12 and 13, these
larger labels often involve two or more tissue types such that post-culture analysis reveals
trails of labeled cells within multiple mesodermal tissues arranged along the A/P axis.
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The separation of these initially adjacent mesodermal tissues from each other and colabeled endoderm reveals a pattern when multiple embryos are compared. For example,
dorsal aortae moves most anteriorly and notochord relatively little when compared with
the endoderm (summarized in Fig. 11), indicating orchestrated movement among
mesodermal derivatives that are unique to each tissue-type

4.3.2 Notochord morphogenesis and regionalization
While the notochord has previously been implicated in dorsal pancreas induction,
the mechanism is unknown, particularly since no inductive factors are uniquely expressed
in the domain that associates with the dorsal pancreas. In addition to remaining in the
same A/P plane as the dorsal pancreas between 8.5-9.5 dpc, the notochord is the only
tissue in our study that displayed two distributions that were not regularly observed in
other labeled mesoderm. This includes prominent gaps in the A/P distribution of labeled
cells (Fig. 12, n=5/20) and the appearance of labeled notochord descendants posterior to
the dorsal pancreas bud (Fig. 12, n=7/20).
The gap in labeled notochord could result from a dilution of the membrane
labeled DiI via localized proliferation, the addition of otherwise sequestered cells to the
region of the gap, or may be indicative of altered cell movements by notochord
descendants in that region. If increased proliferation produces a gap in DiI intensity then
we might expect to see a gradient of label on either end of the gap. Instead we see robust
DiI intensity on both the anterior and posterior region of the gap, suggesting that a
regional increase in proliferation is likely not the cause. Others have demonstrated that
the notochord is composed of 3 populations of cells. (Yamanaka et al., 2007). The
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notochord anterior to somite 2, termed the anterior head process (AHP) arises from a
dispersed cell population anterior to the node, utilizing direct convergence. In contrast,
the trunk notochord, defined as that posterior to somite 2, and the tail notochord, defined
as that posterior to the hindlimb buds, are both node-derived although the former utilizes
convergence extension and the latter posterior migration to form. It is notable that when
we observe a gap in labeled notochord the excluded region includes the caudal-most
portion of the AHP notochord, and suggests that the progenitors of the notochord in the
unlabeled gap are distinct from the remainder of the AHP notochord. Furthermore, given
that the trunk notochord utilizes convergent extension to form, it is also reasonable to
attribute the slight posterior displacement of the trunk notochord to convergent-extension
movements.
We find it interesting that the border between the AHP and trunk notochord
overlies the dorsal pancreatic endoderm progenitors. Our data shows two distinctly
labeled sections of notochord, one anterior and one posterior, presumably descendants of
AHP and trunk notochord, respectively. Upon pancreas bud formation (~9.5 dpc), the
anterior portion of labeled notochord stretches from the anterior liver bud towards the
common atrial chamber (anterior heart, Fig. 12 Embryo 1, 6, 7, 19, 20). In juxtaposition,
the notochord adjacent to the dorsal pancreas bud is that which appears to have been
posteriorly displaced, suggesting the posterior directed notochord is the portion poised to
provide inductive signals to dorsal pancreas. Furthermore, these fate-mapping results are
consistent with the regionalized gene expression of the notochord, noted below, and
further suggest a mechanism of regionalization where the domain of notochord capable of
induction is in contact with the portion of endoderm competent to respond. Studies in
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chick indicate that foregut endoderm is competent to express Pdx1, but not the hindgut
endoderm (Kumar et al., 2003). This could explain the formation of one dorsal organ, at
the border of the fore- and midgut, adjacent to a posteriorly extending portion of
notochord.
There are multiple examples of genes expressed in notochord anterior to the
dorsal pancreatic endoderm (Ding et al., 1998; Failli et al., 2002; Furuta et al., 1997;
Rodriguez-Magadan et al., 2008; Tamplin et al., 2011; Tamplin et al., 2008) or posterior
to it (Borello et al., 1999; Danesh et al., 2009; Lyons et al., 1995; Medioni et al., 2010;
Tamplin et al., 2011; Tamplin et al., 2008) at specific time points before, during and soon
after induction. The hypothesis that the notochord is also partitioned by patterns of
discrete gene expression, much like the gut tube which is regionalized by similar domains
of gene expression (Sherwood et al., 2009), may also explain the presence of a single
dorsal endoderm organ bud arising at the junction of these expression domains.

4.3.3 Mesothelial origin of the condensed pancreatic mesenchyme
In addition to the initial inductive events that specify the dorsal pancreas bud, a
second mesoderm derivative, the condensed pancreatic mesenchyme, directs exocrine
and endocrine differentiation and is vital for the creation of a functional pancreas. Both
the presence and proportion of exocrine and endocrine cell types in the developing
epithelium is dictated by the amount of appropriate mesenchyme and its proximity (Attali
et al., 2007; Li et al., 2004). Because the fate of the pancreatic parenchyma appears to be
entirely dictated by the mesenchyme, an endoderm/mesenchyme interaction must be
tightly regulated for proper differentiation to occur.
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One way to control the dose of potent patterning signals could be the slow
infiltration of mesenchymal cells from the coelomic mesothelium via an epithelial to
mesenchymal transition (EMT). Such a transition would allow for the slow accumulation
of mesenchyme and patterning signals, guarding against premature differentiation and
exhaustion of the PDX1+ progenitor pool (Attali et al., 2007). Our fate mapping supports
the hypothesis of a slow infiltration of mesenchyme from the coelomic mesothelium
beginning at ~9.5 dpc and extending through at least 10.5 dpc (Fig. 15D). These data
suggest that mesothelial cells robustly populate the DPM by ~10.5 dpc and are then
poised to pattern the pancreatic epithelium.
The coelomic mesothelium has been shown to differentiate into diverse cell
lineages, often through an EMT, and to contribute to multiple developing organs
[reviewed in (Ariza et al., 2016)], thus our results are not without precedent. Genetic
lineage tracing, utilizing several Cre-lines with expression within portions of coelomic
mesothelium, have been used to demonstrate this dynamic disbursement. For example,
Mesothelin-expressing coelomic mesothelium produces alveolar myofibroblasts,
intestinal fibroblasts and smooth muscle cells of the trunk (Rinkevich et al., 2012) and
GATA4-expressing mesothelium contributes to portions of the liver, aorta, body wall,
esophagus, adrenals, and genital ridge lineages (Delgado et al., 2014; Rojas et al., 2005).
Although a similar EMT has not been previously demonstrated in the pancreas, the
prevalence of coelomic mesothelium contribution and the diversity of resulting cell
lineages supports our novel observation that a specific portion of the coelomic
mesothelium contributes to the pancreatic mesenchyme.
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While our data demonstrates that the coelomic mesothelium contributes to the
DPM, it does not exclude the possibility of an additional mesenchymal source. In other
organs contribution from coelom and additional mesenchyme has been documented. For
example, the lung pulmonary mesenchyme is derived from splanchnopleural mesoderm
that is infiltrated by WT1+ coelomic mesothelium (Cano et al., 2013). However, no other
labeled mesoderm gave rise to the DPM (n= 0/114). Extensive labeling was performed
directly posterior to the pancreas progenitors, targeting the few loose midline dorsal
mesenchyme cells seen in more anterior midline labels (Fig. 14D,K), and lateral to the
somites, targeting splanchnopleure. Midline labels resulted in a small population of ISL1cells close to the neural tube and not the dorsal pancreas bud (Fig. 16A-C). Splanchnic
mesenchyme seemed a plausible source of DPM as it encases the gut tube (Matsushita
and Matsushita, 1995; Wells and Spence, 2014). After extensive labeling of somatopleure
or splanchnopleure no DiI+ DPM cells was observed (Fig. 16D-I). Labeled splanchnic
mesenchyme remained adjacent to the lateral portions of the gut tube and did not migrate
dorsally. Descendants of somatopleure extended dorsolateral to the gut and yielded
neither ISL1+ cells or any cells near the dorsal pancreas bud. The DPM remained
illusively between the labeled clones of these two tissues. The resulting descendants of
labeled splanchnopleure, somatopleure and coelomic mesothelium appear mutually
exclusive.

4.3.4 Conclusions
Herein we present a fate map of the mesoderm derivatives that are proximal to the
pancreatic endoderm prior to and shortly after the onset of Pdx1 expression and bud
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formation. Overall, the descendants of each labeled tissue type displays its own pattern of
distribution that is particularly obvious in the aggregate and are ultimately located
anterior to the early dorsal pancreas bud at the end of culture. Furthermore, these data
suggest that the interaction of the dorsal pancreas progenitors/early dorsal pancreas bud
with much of the initially proximal mesoderm derived tissue is transient, excluding the
possibility that such mesoderm acts as a stable source of signals required for pancreas
induction in vivo. The notochord is the sole mesoderm derivative that maintains its
proximity to dorsal pancreatic epithelium during and after induction, supporting the
hypothesis that the notochord is the tissue that governs pancreatic induction in vivo. As
development proceeds the notochord is dorsally displaced from the pancreas [reviewed in
(Gittes, 2009)] and we demonstrate that dorsal mesenchyme originating from the
coelomic mesothelium gradually infiltrates the dorsal region surrounding the nascent bud.
This fate mapping documents tissue movement in the developing embryo from before
induction to the time when the first differentiation will take place within the dorsal
pancreas bud and presents a platform for further studies to understand the embryo as a
whole and how the signaling within may be translated into differentiation protocols to
lead to further advances in stem cell and tissue replacement therapies.

4.3.4.1 Further development of fate-mapping
The experiments performed herein are based upon previous co-culture data that
have demonstrated that 18-48hr culture is necessary to induce pancreas fate in competent
endoderm (Attali et al., 2007; Gittes et al., 1996; Golosow and Grobstein, 1962; Li et al.,
2004; Miralles et al., 1998; Rose et al., 1999). While there is much evidence for a single
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long-term interaction as the source of induction, it cannot be discounted that a series of
stepwise events from transient interactions induce pancreas fate in vivo. In our
experiments, embryos were cultured ~27hrs, falling within the duration of previous coculture experiments. However, an important difference between whole embryo based
experiments and explant co-cultures is that tissues within the embryo move apart during
the processes of differentiation and embryonic growth. Based on the data in this study,
inference can be made that the tissues that reside the furthest from the pancreatic
endoderm may have separated from it earlier or at a faster rate than those that remain
closer. This is neither definitive nor does it indicate the duration of potential interaction
between labeled endoderm and each mesenchyme sub-population. Thus, the period of
potential interaction between tissues remains unknown. A valuable addition to the data
presented herein would be shorter term labeling experiments to track when tissues are
moving away from each other and not just to what extent.
Shorter culture intervals, from the stages of naïve endoderm through pancreas
budding would create a more complete picture of potential tissue interactions over time.
Periods that should be examined are from 2-4S to 10-11S, representing the period from
naïve endoderm to first detectable PDX1, and to 15S when morphological budding
begins and inductive signals have presumably been received (Jorgensen et al., 2007).
These short windows of time would allow for more precise tracking of tissues. For
instance, it is possible that the niche of tissues that lead to the initial induction of
pancreas specific gene expression is not the same niche necessary for maintenance, or
that is required for budding. It is unknown what signals within the pre-pancreatic
epithelium are required for budding as the genetic mutations leading to the loss of
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pancreas buds are early endoderm and not pancreas specific (Bort et al., 2004b; Bort et
al., 2006; Lee et al., 2005). Mutations of pancreas specific genes have led to bud agenesis
rather than lack of bud specification (Ahlgren et al., 1996b; Li et al., 1999a). Being that
the genes required for budding appear to be different from the early organ-specific genes,
it is possible that they require different upstream signals emanating from differing
sources. Careful fate-mapping could provide important information to tease apart the
signals required for molecular specification of pancreas, for initiation and maintenance of
budding, and potential differences between these two processes.
Another valuable avenue of study is the direct examination of the role of
notochord in pancreas induction. The notochord is strongly implicated by this and
pervious data (Hebrok et al., 1998; Kim et al., 1997). As a candidate signal from the
notochord has not been identified as that which is require for pancreas induction, studies
involving the removal of the notochord itself naturally come to mind. The overlapping
role of genes essential for notochord in the foregut endoderm and patterning of the
embryo before organogenesis hampers genetic studies of total notochord removal. Genes
such as FOX family members are essential for foregut formation, while those in the
Nodal and Hedgehog pathways are essential in patterning the whole embryo (Ang and
Rossant, 1994; Harrelson et al., 2012; Hebrok et al., 2000; Hoodless et al., 2001; Schier,
2003; Shen, 2007; Weinstein et al., 1994; Yamamoto et al., 2001). To directly assess the
role of notochord in pancreas induction, selective removal of the notochord via an
inducible system, to allow tight temporal control and therefore possible tissue specific
extirpation, or mechanical removal of a portion of the notochord is required.
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A crucial feature of the notochord fate-mapping herein is the gap in labeled
descendants. This is important as it may indicate directed movement of cells within the
notochord or infiltration of another unlabeled cell population. Of the eight notochord
labels that span the liver region, there is a notable gap in five of them. In each embryo the
DiI is robust anterior or adjacent to the liver bud and at the dorsal pancreas bud but is
absent in between. Additionally, these gaps are seen is embryos labeled over the 2nd-3rd
somite pair, indicating that this may be the site of separation. This area is also
approximately the boundary between precordial plate and node derived notochord, as
discussed above (Balmer et al., 2016). While not all notochord labels were discontinuous,
it is important to remember that our labeling strategy included multiple tissues within the
same vicinity, and there is the strong possibility that the three contiguous notochord
labels included another tissue population that infiltrated the notochord. To explore this
possibility, carefully directed fate-mapping should be performed to assess the hypothesis
that a neighboring tissue is contributing to notochord.
A population that is an excellent to contribute to notochord is the visceral
endoderm (VE) derived cells that line the early notochord from headfold to early somite
stages in the mouse. These cells are unique in that they appear to migrate from VE to line
the notochord, may have a role in guiding or enabling delamination of the notochord
from the adjacent definitive endoderm, and appear to ignore the signals delineating
foregut and hindgut as they contribute to the gut tube in a scattered throughout
(Sherwood et al., 2009b). Experiments tracing these cells have utilized a transient AfpGFP strategy that depends on Afp promoter activity to maintain the GFP label. In this
study Afp-GFP cells were seen scattered throughout the gut but not in notochord. It is
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possible that an early downregulation of Afp in cells that contribute to notochord has
excluded them from this fate-mapping strategy. It is reasonable to hypothesize that VE
cells in the gut could maintain low level Afp-GFP expression as some cells of the gut
express AFP and therefore it is a more hospitable environment than the notochord which
never does. To assess the potential contribution of adjacent cells to notochord, a more
permanent method of fate-mapping would need to be utilized.
Fate-mapping could also be used to test the alternative hypothesis that cells in the
notochord are actively rearranging into anterior and posterior regions. In support of this
hypothesis, previous live imaging of headfold to early somite stage embryos has shown
that there is active migration of posterior notochord cells toward the posterior part of the
mouse embryo (Yamanaka et al., 2007). These experiments traced a subset of notochord
cells to allow for visualization of single cells. While this strategy is effective in showing
posterior migration, this data cannot give a compete picture of gross migration. A
strategy to mitigate this would be to combine live imaging with a notochord specific
Cre/multi-fluorescent labeling system to identify single cells as well as track gross
movement within notochord.(Livet et al., 2007; McCann et al., 2012). This system also
has the potential to identify newly integrated cells into the notochord, as they would
presumably begin to express pan-notochord genes and activate the reporter.
Much information can be gleaned from the fate-mapping performed in this study
and more careful examination of the developing embryo through the experiments
proposed above. The developmental time from endoderm specification, through turning,
to organogenesis is extremely complex. Development is a four dimensional event, with
time adding complexity to events of differentiation, tissue growth, and cell-cell
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interaction. Careful examination of each tissue’s role in this dynamic environment will
give a whole picture of organ induction, essential for the formation of functional adult
tissues.

77

CHAPTER 5
ASSESSING HETEROGENEITY IN THE EARLY LIVER

5.1 Introduction
The liver is formed from two endoderm populations, a progenitor population located
in the ventral midline of the endoderm lip (VMEL) and a bilaterally symmetric lateral
progenitor (LP) (Tremblay and Zaret, 2005). Like other endoderm-derived organs, the
hepatic progenitors are induced and patterned by signals from the surrounding
mesoderm-derived tissue (Wells and Melton, 2000). The VMEL and LP join at the onset
of organogenesis to form one liver bud but appear to remain segregated into anterior and
posterior portions of the liver bud, respectively. Furthermore, while the VMEL is
multipotent and capable of contributing to both the thyroid and ventral pancreas buds,
indicating it has the plasticity to be guided by diverse sets of inductive signals (Angelo et
al., 2012). During hepatic induction, each pre-hepatic population is located near a unique
milieu of mesenchyme that may produce diverse signals. Thus a careful study of each
progenitor population in the context of the whole embryo is vital for an accurate
developmental assessment. Such mammalian data has the possibility of being
recapitulated with human cells in vitro for replacement/transplantation therapies.
Studies of liver development have found multiple inductive signals, namely
members of FGF, BMP, and Wnt pathways, emanating from cardiac mesoderm, lateral
plate mesoderm, and septum transversum mesenchyme (STM) (McLin et al., 2007;
Palaria et al., 2018; Rossi et al., 2001; Tan et al., 2008; Wang et al., 2015b; Wells and
Melton, 2000). The role of Wnt signaling in hepatic specification and development is
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highly time and dose-dependent. During endoderm patterning, concentrated Wnt signals
direct endoderm toward a hindgut fate, and therefore are regionally downregulated to
allow for foregut specification [Reviewed in (Lade and Monga, 2011)]. Soon after
foregut specification, Wnt signals are necessary for timely hepatic induction and
formation of liver rather than pancreas in zebrafish and Xenopus (Goessling et al., 2008;
McLin et al., 2007; Zorn and Mason, 2001). In mouse, β-catenin expression is at its peak
in the liver from 10.0-12.0 dpc, a period during differentiation rather than induction.
Abrogation of canonical Wnt signaling, via β-catenin knockout in foregut endoderm,
results in impaired invasion of hepatoblasts into the surrounding STM, later expansion of
hepatoblasts, and ultimately differentiation of biliary epithelial cells (Margagliotti et al.,
2008; Tan et al., 2008). The specific temporal and tissue dependent role of Wnt signaling
indicates that it is a potent patterning signal with specific roles in multiple species. Wnt
signaling is necessary for early endoderm patterning, liver induction and development in
Xenopus, chick, and zebrafish, and appears to be required for later murine liver
differentiation.
FGF and BMP signals are vital for normal hepatic development in multiple
species, and disruption of either pathway results in failure of hepatocyte induction.
Explant experiments have shown that pre-hepatic endoderm cultured with either cardiac
mesoderm or FGF 1 or 2, induce the liver markers Alphafetoprotein (Afp) and Albumin
(Jung et al 1999), while pre-hepatic endoderm cultured alone does not. Furthermore,
whole embryos cultured with FGF inhibitors, show impaired liver budding (Wang et al.,
2015b). BMP2 can induce expression of Albumin and Hex in pre-hepatic endoderm from
chick and loss of BMP4, a gene expressed predominantly in the STM at the onset of liver
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induction, results in a small liver bud rudiment with reduced Albumin expression (Zhang
et al., 2004) (Rossi et al., 2001). Addition of the BMP inhibitor, NOGGIN, results in loss
of Gata4, a vital STM gene and mimics the BMP4 -/- phenotype (Rossi et al., 2001).
Furthermore, Gata4 -/- embryos demonstrate a complete loss of STM and liver budding,
while Gata6-knockouts results in partial STM loss, impaired liver budding, loss of
Albumin and Hnf4α, and reduced Hex. Together these studies imply that BMP from
STM, and FGF from cardiac mesoderm, are each necessary for liver induction, but they
are also contradictory because they suggest that either signal is sufficient.
Recent data demonstrating differences between the two liver progenitor
populations begs re-examination of the past literature. The aforementioned cardiac
mesoderm/endoderm explant studies appear to contain only the VMEL progenitors and
not the lateral precursors, suggesting that the VMEL are sensitive to FGF. Similarly,
Wang et al (2015) demonstrated that abrogation of FGF signaling in the context of the
intact embryo, results in loss of both Afp and HNF4α from the anterior (VMEL derived)
liver bud but not the posterior (LP derived) liver bud. Conversely, the posterior (LP
derived) liver bud, is uniquely sensitive to inhibition of BMP signals, in the context of the
whole embryo (Palaria et al., 2018). This data supports the idea that each of the hepatic
progenitor population has inverse requirements for FGF and BMP signaling.
The relatively recent identification of apparent functional heterogeneity within the
adult hepatocyte and cholangiocyte populations (Font-Burgada et al., 2015; Kamimoto et
al., 2016; Li et al., 2017; Wang et al., 2015a) highlight the possibility that at least some of
this heterogeneity is reflects differences generated during development. To begin to
identify possible developmental cues that could guide progenitor heterogeneity we
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performed a careful histological analysis of early hepatic development and identified
multiple histological attributes that distinguish the mesenchyme that support the rostral
and caudal lobes. Transcriptional profiling provides further evidence that the rostral and
caudal niches provide unique environments for the resident hepatoblasts. The STM is
enriched for genes and pathways previously described in murine liver development, while
the CLM is enriched for transcripts not previously implicated in hepatic differentiation.
Together this data supports the possibility that there are two paths from pre-hepatic
endoderm to functional hepatic tissue, and adds to the growing body of literature
demonstrating heterogeneity within the embryonic and adult liver (Font-Burgada et al.,
2015; Kamimoto et al., 2016; Li et al., 2017; Palaria et al., 2018; Raven et al., 2017;
Wang et al., 2015).

5.2 Anterior and posterior liver bud migrate into to rostral and caudal lobes,
respectively
Our previous fate-mapping has demonstrated that the VMEL gives rise to the
anterior liver bud while the LP gives rise the posterior liver bud. To extend these
observations, careful histological analysis of liver development was performed from liver
budding stages (9.5 dpc) through rostral and caudal lobe formation (10.25 dpc). Sagittal
sections were immunolabeled with antibodies recognizing the critical hepatoblast marker,
HNf4α, SOX9, labeling the ventral portion of the STM, and ISL1, labeling the coelomic
mesothelium. At 9.5 dpc the anterior liver bud (yellow dashed line) is bordered by the
sinus venosus (SV) and coelomic mesothelium (ISL1, green, Fig18 A). The posterior
liver bud (blue dashed line) is surrounded by the SOX9-positive STM (white, Fig18 A).
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Figure 18. The anterior and posterior hepatoblasts contribute to the caudal and
rostral liver lobes, respectively.
A) The 9.5 dpc HNF4α + (red) posterior liver bud (blue dashed line) is bounded by the
STM, which is outlined by SOX9 (white) expressing cells. The HNF4α + anterior liver
bud (yellow dashed line) is bounded anteriorly by the sinus venosus (sv) and dorsally by
the Isl1+ (green) coelomic mesothelium. B-D) Between 9.75-10.25 dpc the posterior
hepatoblasts (blue) invade the STM while the anterior hepatoblasts appear to migrate
towards into caudal lobe mesenchyme (CLM) forming the rostral and caudal liver lobes,
respectively. E-G’) These sagittal sections were subject to H&E staining after
immunohistochemical detection of the HNF4α + hepatoblasts (brown). The anterior
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(yellow dashed line) and posterior (blue dashed line) hepatoblasts are outlined as they
invade the STM, visible in mid-sagittal sections (E-G) and CLM in left-sagittal sections
(E’-G’) from 9.5-10.0 dpc. H) A diagram summarizing the invasion of the posterior
hepatoblasts (blue) into the STM at 9.5 dpc and migration of anterior hepatoblasts
(yellow) into CLM at 9.75~10.0 dpc, and formation of the liver lobes by 10.25 dpc. I-J’)
Whole mount views of a 10.5 dpc embryo (I) and dissected liver (I’) highlight
morphological differences between the STM (blue asterisk) and CLM (yellow asterisks),
such as presence of blood cells in STM, and smooth mesothelial casing of CLM. By 11.5
dpc the lobes have a more similar appearance (J, J’).
As hepatoblasts invade the surrounding mesenchyme, the posterior liver bud appears to
infiltrate the STM, while the anterior hepatoblasts seem to move dorso-caudally into a
pouch of mesenchyme contiguous with the coelomic mesothelium that is partially ISL1positive. As development continues through 10.0 and 10.25 dpc, the hepatoblasts each
appear to invade their adjacent mesenchyme to form the rostral and caudal lobes.
The caudal hepatoblasts move dorsolaterally into a pouch of pre-formed
mesenchyme, which are also positioned more laterally than the STM-invaded rostral
lobe. Midline sections reveal that between 9.5 -10.25 dpc, the bulk of the posterior liver
bud invades the surrounding STM (Fig18 E-G). Left-sagittal sections give a clear view of
the CLM, which is visible but without hepatoblasts at 9.5 dpc, and is filled with anteriorderived hepatoblasts by 10.0 dpc (Fig18 E’-G’). This infiltration is modeled in Fig. 18H,
showing the posterior liver bud hepatoblasts (blue) invading the STM at 9.5-10.25 dpc,
while slightly later the anterior liver bud hepatoblasts (yellow) migrate dorsolaterally to
invade to CLM (9.75-10.25 dpc).
Whole mount images of 10.5 and 11.5 dpc livers show notable differences
between the lobes (Fig.18 I-J’). To the right of the whole embryos are frontal views of
their livers. The rostral lobe is marked by a blue asterisk and caudal lobes by yellow
asterisks, gall bladder is outlined by a dark grey dashed line and attached gut tube
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demarcated by light grey dashed lines. At 10.5 dpc, the rostral lobe (blue asterisk) is not
encased in a mesothelium, as evidenced by its ragged outer edge, while each caudal lobe
is encased, possessing a smooth epithelial-like edge (Fig.18 I’). Furthermore, the rostral
lobe contains obvious blood cells, possibly an indication of hematopoiesis, while the
caudal lobes are pale, and appear hollow (Fig.18 I’). By 11.5 dpc, morphological
differences between the lobes are less apparent. These notable histological differences,
differential gene expression as well as distinct placement of STM and CLM on opposing
sides of the gut (ventral/medial versus dorso/lateral) implies that these two tissues are not
only distinct but may have different origins.

5.3 The Septum Transversum Mesenchyme (STM) and Caudal Lobe Mesenchyme
CLM) are populated by distinct mesoderm-derivatives
The septum transversum mesenchyme (STM) has long been thought to be the sole
inductive mesenchyme emitting signals to sustain and pattern the liver parenchyma while
also contributing mesenchymal tissues to the differentiating organ [reviewed in (Gordillo
et al., 2015)]. Our observed differences in the morphology of the mesoderm-derived
tissues surrounding the liver bud led us to investigate these mesenchymes more carefully.
In doing so we observed two dorsolateral pouches into which the anterior hepatoblasts
appear to migrate producing the caudal (also termed dorsal or dorso/lateral) lobes. We
term this tissue the Caudal Lobe Mesenchyme (CLM), and challenge the dogma that
there is a single hepatic mesenchyme. We note some cursory differences in protein
expression in the CLM versus STM (Fig.18 A,B; ISL1 versus SOX9, respectively)
indicating that these two tissues may have different developmental origins. To answer
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this question we extended our pancreatic mesenchyme fate-mapping strategy (Angelo and
Tremblay, 2018) to assess the mesodermal origin of STM, and then ask if that tissue also
gives rise to CLM.
Our initial fate-mapping scheme was designed to discern the origins of the STM
and was based upon gene expression data suggesting that the STM resides in two bilateral
populations, underlying the proposed trajectory of the LP, from 8.5-9.5 dpc (Dunwoodie
et al., 1998; Heikinheimo et al., 1994). DiI-labeling at the 5-15 somite stage (~8.25-9.0
dpc) targeted the small population of splanchnic mesenchyme under the anterior foregut,
and analysis the DiI-labeled descendants at the end of the culture period, ~10.0-10.5 dpc,
coincides with the formation of the caudal lobes. The results of such labels are
summarized in Table 1, and highlight the location of DiI in each of the 21 embryos
included in this study. The table includes information about whether DiI-labeled cells
were present in the target mesenchyme, the STM or CLM, as well as other tissues. We
observed two categories of STM labeled tissue. The “anterior STM” was defined as STM
anterior to the liver bud. The mid- and posterior STM refers to the remaining bulk of
STM. The “CLM” refers to the obvious pouch of mesenchyme and its mesothelial casing
(Fig18 B-G’). Other tissues overlaying (endoderm) or underlying (heart, coelom, sinus
venosus) the target mesenchyme were often labeled and are listed in Table 2.
This fate-mapping strategy produced embryos with both STM (blue dashed line)
and CLM (yellow dashed line) labels (Embryos 3-8, Fig.19 A-D’), indicating that
mesoderm-derived progenitors for each were close to one another. However, several
embryos contained only STM and not CLM (Embryos 9-21, Fig.19 E-G’) labeled tissue.
This supports the hypothesis that the precursors of STM and CLM are distinct but
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Table 2. Summary of Septum Transversum Mesenchyme and Caudal Lobe
Mesenchyme fate-mapping.
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proximally located in the ~8.5 dpc embryo. To identify the tissues targeted at 8.5 dpc,
and to determine what tissues are adjacent to one another at the onset of hepatogenesis,
we labeled embryos and immediately processed them for histology (n=5). Histological
analysis reveals that a small population of splanchnic mesenchyme (blue dashed line)
underlying the LP was DiI-labeled (red arrowheads, Fig.19 H-I’), consistent with
previous studies identifying this tissue as that which produces the STM (Dunwoodie et
al., 1998; Heikinheimo et al., 1994).
Dorsal to this pocket of presumptive STM is the coelomic cavity (coelomic
mesothelium outlined by grey dotted line, Fig. 19I,I’). Notably, embryos with CLM
labels often contain DiI throughout the contiguous coelomic mesothelium at the end of
culture. Other embryos produced DiI-labeled descendants (red arrowheads) that are
restricted to the CLM (yellow dashed line, n=2, Embryos 1,2). In such embryos, DiIlabeled descendants are observed in the coelomic mesothelium and in the adjacent loose
mesenchyme that appears to be delaminating (Fig.19 J-L’). Our histological analysis
indicates that the CLM is contiguous with ISL1+ coelomic mesothelium, and surrounded
by a mesothelium that expresses a gradient of ISL1, possibly indicating ISL1+ coelomic
mesothelium down-regulates the protein as it moves out of the mesothelial stratified
epithelium to contribute to CLM. Additionally, the idea that the coelomic mesothelium
produces the loose mesenchyme within the caudal lobe is consistent with our previous
fate-mapping that identifies the coelomic mesothelium as a source of the condensed
dorsal and ventral pancreatic mesenchyme (Angelo and Tremblay, 2018). Together, these
data support the hypothesis that the CLM and the STM arise from distinct mesodermal
sources.
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Figure 19. Distinct populations of mesenchyme contribute to STM and CLM.
A-D’) A fluorescent frontal whole-mount image of a representative 14 somite (S) embryo
labeled with DII (red) in the mesenchyme underlying the liver progenitors (A) was
cultured to 9.5 dpc (B, 28S). This embryo was sectioned transversely and subject to
immunofluorescence to reveal DiI-labeled cells in both the STM (blue box in C,C’) and
in the CLM that is contiguous with the ISL1+ (white) coelomic mesothelium (yellow
box, D and D’). E-G’) A similarly labeled 11S embryo (E) was cultured through 30S (E).
Section analysis revealed DiI-labeled descendants that were restricted to the STM (G,
G’). H-I’) A 7S embryo labeled in a similar location as the embryos in A and C, was
fixed in the absence of culture. Section analysis of this embryo demonstrates that DiI-
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labeled STM progenitors directly overlays the coelomic cavity (I’). J-L) A representative
14S embryo was labeled in the coelomic mesothelium under STM (J) and cultured to 9.5
dpc (K). This embryo contains DiI-labeled descendants in the CLM but not the STM (L,
L’). White dashed lines indicate the location of subsequent sections, white dotted line =
liver bud, yellow dashed line = CLM, blue dashed line = STM, grey dashed line =
coelomic mesothelium, red arrowheads point
5.4 Assessing transcriptional differences between the rostral and caudal liver lobes.
The existence of two distinct populations of hepatic progenitors, which are
spatially segregated in the liver bud, respond differently to BMP and FGF signals and
appear to populate distinct lobes of the liver, supports the hypothesis that the pre-hepatic
endoderm produces hepatoblasts that arise distinctly. The identification of unique
mesenchymes supporting the LP/rostral lobe niche and VMEL/caudal lobe niche, point to
the possibility that these niches could either maintain or further distinguish these two
hepatoblast populations.
To determine if the apparent histological differences noted for the rostral and
caudal lobes reflect transcriptional differences, RNA sequencing was performed on
pooled samples beginning at 10.0 dpc (32-36S), the first time we are able to mechanically
separate the rostral and caudal lobes, 10.5 dpc (39-44S), when morphological differences
are most apparent, and 11.5 dpc (50-55S) when the lobes appear similar (Fig.18 I-J’). For
each sample, a single litter of embryos was collected, somites counted to exclude
embryos outside of the expected range, and livers dissected (Fig.20 A). Care was taken to
remove any proximal non-hepatic tissue including the gallbladder, gut tube, pancreas
buds, and lateral mesenchyme. Each liver was divided into rostral and paired caudal lobes
and the tissue connecting rostral to caudal was discarded. Two litters were dissected for
each time point to create biological replicates. Sequences were aligned and differential
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Figure 20. Rostral and caudal liver lobe isolation and RNA sequencing.
A) Livers were dissected and rostral (blue) and caudal (yellow) lobes from single litters
pooled. B) Outline of RNA sequencing and analysis. Paired samples from each time
point were analyzed. Known cardiac and hematopoietic genes were removed. Filtering
for log2 fold change of ≥ 1.5 and FPKM ≥ 10 yielded 49 candidate genes for further
validation by RT-PCR and in situ hybridization. C-E) Heatmaps of paired replicates from
each time point show clustering of rostral and caudal samples at 10.0 dpc (C),
heterogeneity between replicates at 10.5 dpc (D), and clustering of samples again at 11.5
dpc (E).
expression analysis performed (Tuxedo Suite). Known cardiac genes that are not also
endothelial, and which mutations thereof are described with no known liver phenotype
were removed from further analysis. Candidate genes were those that showed a log2 fold
change of ≥ 1.5, and FPKM of ≥10 in the tissue of interest (Fig.20 B). Analysis of paired
samples from each time point showed notable differences at 10.0 dpc, inconsistent
differences at 10.5 dpc, and few differences at 11.5 dpc (Fig.20 C-E).
Comparison among and between rostral and caudal samples at each time point
showed notable differential expression at 10.0 dpc, tapering off to few differences at 11.5
dpc. Interestingly, 10.5 dpc data did not cluster clearly by rostral or caudal ctagories, but
rather contained variation between rostral samples (Fig.20 C-E). Though a narrow somite
stage range was included, we noted gross variation in the livers collected at this stage.
Some collected 10.5 dpc rostral lobes contained noticeable blood cells that could indicate
hematopoiesis had initiated, which may explain the discrepancy in transcriptome between
samples. Because of this, candidate genes were selected from the 10.0 dpc data. A list of
48 genes met the selection criteria; 21 rostrally enriched and 27 caudally enriched (Table
3). Validation was performed by RT-PCR using at least three new biological replicates
(Table 4). Because of the inferior sensitivity of RT-PCR, in comparison with sequencing,
genes were eliminated if the expression pattern was inconsistent between replicates or
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opposite to the sequencing data. Genes where a difference between rostral and caudal was
ambiguous were retained for further validation. Four genes were eliminated in this
cursory analysis leaving 44 to be analyzed by in situ hybridization (Fig. 21).
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Table 3. Primers used for RT-PCR validation and IVT templates.
The 48 genes met the selection criteria log2 fold change of ≥ 1.5, and FPKM of ≥10 in the
tissue of interest. 21 rostrally enriched and 27 caudally enriched genes were selected for
further evaluation.
Figure 21. RT-PCR of rostral and caudal candidates.
RT-PCR for each candidate gene was conducted with three biological replicates of 10.0
dpc cDNA from separated rostral (R) and caudal (C) liver lobes. Actinb was used as a
control to ensure equal concentration of rostral and caudal samples. Four caudal
candidates, Erv3, Lgals3, Gzmg, and Mt3, were eliminated from further analysis by in
situ hybridization.
5.4.1 Differential gene expression separates STM and CLM
Candidate genes were examined by in situ hybridization and found to cluster into
five categories: STM enriched, discrete CLM expression, endothelial cells of the liver,
expression throughout the liver, or not detectable within the liver. Genes enriched in the
STM were also expressed to some degree in the LPM and often in the forming septum
transversum. Conversely, genes on the caudal list were restricted to the CLM with very
limited expression in other structures of the embryo and never in other portions of the
liver. Genes expressed throughout the liver in either the mesenchyme or in the
hepatoblasts and were often candidates from the rostral list. Interestingly, endothelial
genes originated from the caudal list of candidates. These patterns are likely due to the
larger amount of tissue in rostral samples, creating a skewed enrichment for general
hepatic genes toward the rostral list, and the apparent greater proportion of endothelial
cells in the caudal lobes, which are formed around the large vitelline veins. Importantly,
enrichment of candidates in either the rostral or caudal lobes by in situ hybridization
corresponded to the sequencing data.
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5.4.2 The early rostral liver is enriched for genes identified in liver development
Genes enriched in the rostral liver include those with a documented role in liver
development of multiple species. Enriched in the STM surrounding the rostral
hepatoblasts are Wnt and BMP signaling members, FGFR2 signaling agonist Flrt2, and
Mab21l2, an essential STM gene and a target of TGF-β signaling. Expression of these
genes is robust at 10.0 dpc, restricted to the periphery of the developing rostral lobe at
10.5 dpc, and nearly absent at 11.5 dpc. Additionally, most genes expressed in the STM
are also expressed in adjacent body wall mesenchyme. This more widespread expression
could indicate that these are general mesenchyme markers and not specifically required
for liver development, however several of these genes have been reported to be necessary
for liver and/or STM, or are involved in pathways that are thusly required in multiple
species (Klein et al., 2008; Li et al., 2008; Matsumoto et al., 2013; Palaria et al., 2018;
Poulain and Ober, 2011; Saito et al., 2012; Stuckenholz et al., 2013).
Expressed in the STM, but not CLM, are Ddr2, Flrt2, Wnt2, Sfrp5, and
Ppp1r14c (Fig.22 A-C, G-O, S-U). Highly enriched in the STM but detectable at low
levels in the right caudal lobe are Alx3, Mab21l2, and Bmp4 (Fig.22 D-F, P-R, V-X).
Ddr2 is present throughout the embryonic mesenchymes including the STM,
proepicardium, pericardium, body wall mesenchyme, urogenital ridges, and limb bud
mesenchyme, but is excluded from the splanchnic mesenchyme lining the gut tube and
the CLM at 10.0-10.5 dpc (Fig.22 A-B). This expression pattern is somewhat consistent
through 11.5 dpc, with Ddr2 now expressed in the mesothelium surrounding the rostral
lobe (Fig.22 C). Alx3 is present throughout the STM, proepicardium, limb buds, and body
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Figure 22. Candidate genes enriched in the STM.
A-C) Ddr2 is expressed in the STM and through most mesenchyme at 10.0 dpc (A) and is
enriched in the mesenchyme/developing rostral lobe mesothelium at 10.5-11.5 dpc (B,C).
D-F) Alx3 is expressed in the peripheral STM, the body wall mesenchyme, and in the
limb buds at 10.0 dpc (D). At 10.5 it is expressed in mesenchyme surrounding the rostral
lobe (E) and by 11.5 dpc is confined to the outer layer of anterior rostral lobe
mesothelium (F). G-I) Flrt2 is enriched in endothelial cells of the vasculature that
surrounds the liver and gut, and is present in much of the STM but is absent its anterior
midline (between black arrowheads) at 10.0 dpc (G). Flrt is expressed in the vitelline
vein, ductus venosus, sinusoidal endothelial cells (grey arrows) and mesenchyme
surrounding the rostral lobe at 10.5 and 11.5 dpc (H-I). The inset (I’) is a high
magnification image of the apparent endothelial cell expression in and surrounding the
ductus venosus (dv). J-K) At 10.5 dpc Wnt2 expression (J) is confined to the outer STM
but is conspicuously excluded from the anterior midline (between black arrowheads). It is
expressed in the mesenchyme surrounding the rostral lobe and in the gall bladder
epithelium at 10.5dpc (K). M-O) Sfrp5 is expressed in the outer STM, enriched in
midline STM (between black arrowheads) and excluded from lateral STM surrounding
invading hepatoblasts (black arrows) at 10.0 dpc (M). At 10.5 dpc Sfrp5 is expressed at
high levels in the tissue surrounding the rostral lobe and in the gall bladder epithelium,
(N), while it is restricted the outer layer of anterior rostral lobe mesothelium at 11.5 dpc
(O). P-R) Mab21l1 is similarly expressed in outer STM, enriched in the midline (black
arrowheads) and somewhat excluded from paired lateral portions (black arrows, P). This
pattern is maintained at 10.5 dpc (Q) and Mab21l1 expression becomes restricted to
rostral mesothelium and gall bladder mesenchyme by 11.5 dpc (R). T) Ppp1r14c is
expressed in anterior midline STM at 10.5 dpc (T, between black arrowheads). V-X)
Bmp4 is expressed in a similar pattern as Sfrp5 and Mab21l2 at 10.0 dpc (V) and 10.5
dpc (W), but absent from the 11.5 dpc liver (X). Vitelline vein =v, heart =he, ductus
venous = dv, stomach =s, urogenital ridge =u, subcardinal vein =scv, gall bladder =gb.
wall while excluded from splanchnic mesenchyme encasing the gut tube at 10.0 dpc
(Fig.22 D). In the 10.5 dpc liver, expression becomes restricted to the cells encasing the
rostral lobe, while the 11.5 dpc liver is devoid of Alx3; other tissue expression is
maintained (Fig.22 E-F). Flrt2 is seen throughout most of the STM, proepicardium,
endothelial cells of the developing hepatic sinusoids and vessels surrounding the gut
(grey arrowheads) and within the body wall including the subcardinal veins (scv),
vitelline veins (v), as well as some cells of the gut tube at 10.0 dpc (Fig.22 G). Notably,
Flrt2 is absent from a small anterior-midline portion of STM (Fig.22 G, between black
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arrowheads) but highly expressed in the remaining STM. By 10.5 Flrt2 is restricted to the
septum transversum, the body wall directly adjacent to the rostral liver, pericardium, the
gut mesentery (white asterisk), endothelial cells of some of the sinusoidal vessels (grey
arrowheads), and the anterior layer of the rostral liver (Fig.22 H). At 11.5 dpc Flrt2
expression is restricted to the anterior rostral lobe mesothelium and endothelial cells of
the ductus venous (dv) and surrounding sinusoids (grey arrowheads; Fig.22 I-I’). Wnt2 is
expressed along the outer layer of STM, but appears absent from the proepicardium, and
within the body wall from the limb buds through the pericardium at 10.0 dpc, and
becomes enriched in the STM at 10.5 dpc. Wnt2 appears to be restricted to the outer
lateral portion of STM and absent is from the anterior midline at 10.0 dpc (Fig.22 J,
between black arrowhead).
Enriched in the wedge-shaped midline population of anterior midline STM that
appears to divide the rostral lobes are Mab21l2, Col1a1, Ppp1r14c, and the Wnt
antagonist Sfrp5. This appears to be the same tissue Flrt2 and Wnt2 are notable absent
from. Sfrp5 is strongly expressed in this midline wedge of STM at 10.0 dpc (Fig.22 M,
between black arrowheads), and is also present in the outermost STM and body wall
mesenchyme as well as the pericardium (Fig.22 M). By 10.5 dpc Sfrp5 expression is
concentrated around the rostral liver, still delineating a small midline population of
mesenchyme, and is apparent in the gut epithelium and pericardium (Fig.22 N). Sfrp5 is
restricted to the outermost layer of anterior rostral liver mesothelium and pericardium at
11.5 dpc and is absent from the liver and surrounding mesenchyme (Fig.22 O). The
essential STM-expressed gene, Mab21l2, is expressed in a pattern almost identical to
Sfrp5 at 10.0 dpc, with the addition of strong expression the limb buds and limited
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expression in portions of the CLM (yellow arrowhead; Fig.22 P). At 10.5 dpc Mab21l2,
continues to demarcate a small midline population of mesenchyme (between
arrowheads), and the mesenchyme surrounding the rostral liver (Fig.22 Q). By 11.5 dpc,
Mab21l2 expression is limited to portions of the rostral liver mesothelium, body wall
mesenchyme, gall bladder and some gut mesenchyme (Fig.22 R). Ppp1r14c displays a
similar pattern, highlighting this midline portion of the STM at 10.5 dpc (Fig.22 T).
Bmp4 is also expressed in midline STM at 10.0 dpc (Fig.22 V) and apparent in body wall
and limb bud mesenchyme, developing gut mesentery (white asterisk), proepicardium,
pericardium, and a small portion of the right CLM closest to the splanchnic mesenchyme
surrounding the gut tube (yellow arrowhead; Fig.22 V). By 10.5 dpc caudal lobe
expression is barely detectable, while the body wall mesenchyme adjacent to the rostral
liver remain Bmp4 positive and the septum transversum contiguous with the anterior
portion of rostral liver displays high Bmp4 expression (Fig.22 W). By 11.5 dpc the liver
is almost devoid of Bmp4, with only small amounts detectable around the gall bladder
(gb) and the mesenchyme between the liver and developing stomach (s; Fig.22 X).

5.4.3 The CLM is defined by discrete gene expression
Unlike the genes enriched in the rostral lobe, genes demarcating the caudal lobes
are very discretely expressed and have not been prominently described in murine liver
development. Genes expressed in the caudal lobes, including Naaa, Prl3d1, Tm4sf5,
Barx1, and Lhx9 were not only absent from STM but were mainly restricted to the
mesothelium encasing the caudal lobes at 10.0 and 10.5 dpc. Notably, most caudal lobe
mesothelial gene expression does not extend into the contiguous coelomic mesothelium.
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Barx1 and Lhx9 were further restricted to the left caudal lobe with only small amounts
Lhx9 apparent in the right lobe at 10.0 dpc (yellow arrowhead; Fig 23M). This left versus

Figure 23. Discrete expression of caudal candidates in the CLM.
A-C’) Naaa expression encases the caudal lobes and in is present in some adjacent
coelomic mesothelium (black arrowhead) at 10.0 dpc (A). At 10.5 dpc Naaa expression is
present in the caudal lobe mesothelium and some rostral mesothelium (blue arrowheads)
(B) and is limited to the tip of the left caudal lobe at 11.5 dpc (C,C’). D-F) Prl3d1
displays a similar expression pattern at 10.0 dpc (D) becomes restricted to caudal
mesothelium at 10.5 dpc (E) and is restricted to the tip of the left caudal lobe at 11.5 dpc
(F, F’). Tm4sf5 marks the caudal lobes and proepicardium (arrow) at 10.0 and 10.5 dpc
(G,H) with some expression in posterior rostral liver mesothelium at 10.5 dpc (H,
arrowheads). At 11.5 dpc expression is patchy in the right caudal lobe mesothelium
(yellow arrowheads), and is apparent in the tip of the left caudal lobe (I,I’). J-L’) Barx1
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expression marks the left CLM and splanchnic mesenchyme encasing the gut tube at 10.0
and 10.5 dpc (J,K). Expression in the liver is limited to the posterior caudal lobe
mesothelium and tip of the left caudal lobe at 11.5 dpc (L,L’). M-O’) Lhx9 is similarly
enriched in the left CLM, with spotty expression in the right CLM at 10.0 (M, yellow
arrowhead) and rostral mesothelium (blue arrowhead) at 10.5 (N). Expression is in the tip
of the left caudal lobe at 11.5 dpc (O,O’).
right gene expression is in contrast to genes of the STM that were observed on both sides
at equivalent levels.
Demarcating both caudal liver lobes are Naaa, Prl3d1, and Tm4sf5. At 10.0 dpc
Naaa was apparent in the caudal lobe mesothelium and some of the adjacent anterior
coelomic mesothelium (black arrowhead) that dissipates in dorsal tissue further from the
liver, and in limb bud ectoderm (Fig.22 A). By 10.5 dpc Naaa is greatly reduced in the
right caudal lobe but still expressed in the left caudal lobe mesothelium and in small
portions of rostral mesothelium (Fig.22 B, blue arrowheads). Naaa is also apparent in the
right gut mesentery (asterisk) and a small portion of the urogenital ridges. At 11.5 dpc
Naaa expression in the liver is restricted to the tip of the left caudal lobe (Fig.22 C-C’).
Prl3d1 shares almost exactly the same expression pattern at all stages examined, lining
both caudal lobes at 10.0 dpc, becoming restricted to the left lobe mesothelium at 10.5
dpc, and just the tip of that lobe at 11.5 dpc (Fig.22 D-F’). It is also expressed in the right
gut mesentery and urogenital ridges in the same pattern described above. Also lining
caudal lobes is Tm4sf5 at 10.0 and 10.5 dpc (Fig.22 G-H). At 10.5 dpc there is some
expression in the coelomic mesothelium and contiguous rostral liver mesothelium (Fig.22
H, black arrowheads). Although the proepicardium expresses Tm4sf5 at 10.0 and 10.5
dpc, no STM expression is detected (Fig.22 G-H, black arrows).
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The left caudal liver lobe is demarcated by Barx1 and Lhx9 at all stages
examined. Barx1 is expressed in the left caudal lobe mesothelium but not in adjacent
coelomic mesothelium. It is also present in the splanchnic mesenchyme surrounding the
gut tube and in the developing stomach at 10.0 and 10.5 dpc (Fig.22 J-K). At 11.5 Barx1
surrounds the stomach (s) but in the liver is restricted to the posterior mesothelium and
tip of the left caudal lobe. (Fig.22 L-L’) Lhx9 is expressed at low levels in portions of the
right CLM (yellow arrowhead) at 10.0 dpc but is present throughout the left caudal lobe
mesothelium and never in adjacent coelomic mesothelium. At this stage the
proepicardium and limb buds are also Lhx9+. By 10.5 dpc expression is greatly restricted
to the left lobe mesothelium, with a small detectable amount in the dorsal rostral lobe
mesothelium (Fig.22 N, blue arrowhead). Similar to Naaa and Prl3d1, Lhx9 is expressed
in the right gut mesentery at 10.5 dpc, the urogenital ridges and limb bud mesenchyme at
10.5 and 11.5 dpc and in the tip of the 11.5 dpc left caudal lobe (Fig.22 M-O’).

5.4.4 Endodermal, endothelial, and mesenchymal gene expression throughout the
liver
The candidate genes examined above that were caudally or rostrally enriched
were confined to non-parenchymal hepatic tissue. Several rostral candidates were
detected in the hepatoblasts by in situ hybridization; however, their expression was not
restricted to hepatoblast restricted to the rostral lobe. We believe that this discrepancy
may be partially attributed to the larger proportion of hepatoblasts in the rostral lobes at
10.0 dpc. Additionally, the caudal candidate, Nr1h5, was detected throughout the CLM
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and STM, although it was enriched in the right CLM. Hoxa5, Igfbp2, and Col1a1 are also
detected at varying levels in STM and CLM but not definitively restricted to either.
Rostral candidates, Slc2a3, Cldn4, Cldn6, Cldn7, and Epcam, are
expressed within the gut tube and to a lesser extent in hepatoblasts. At 10.0 dpc,
expression is robust in the gut tube, pancreas and gall bladder buds, all of which maintain
an epithelial structure at this time (Fig.24 A-O). Such hepatoblasts, which have only
recently migrated out of the pseudostratified epithelium of the liver bud (Bort et al.,
2006), express these genes at comparatively diminished levels. At 10.5 dpc, Cldn4 and
Cldn7 are not detectable in hepatoblasts (Fig.24 E,K), but Cldn6, Slc2a3, and Epcam are
still apparent in both rostral and caudal hepatoblasts (Fig.24 B,H,N). By 11.5 dpc only
Slc2a3 is detected in the liver, while Cldn6, Epcam, Cldn4, and Cldn7 are restricted to
the gut tube, gall bladder, developing stomach epithelium and urogenital ridges (Fig.24
C,F,I,L,O).
Nr1h5 is expressed in the STM directly surrounding the liver bud at 10.0 dpc
(Fig.24 P). This appears to be the tissue from which Alx3, Wnt2, and BMP4 are excluded,
while they are detected in the outer layer that is Nr1h5 negative (compare Fig.22 D,J,V to
Fig. 24P). In addition to the STM, Nr1h5 is strongly expressed in the right CLM. In
contrast to the group of genes that are expressed discreetly in the caudal lobe
mesothelium, Nr1h5 is expressed throughout the mesothelium and loose CLM
surrounding the invading hepatoblasts (Fig.24 P). This expression extends to the
splanchnic mesenchyme encasing the right side of the gut tube. There are a few scattered
Nr1h5+ cells in the left CLM and adjacent splanchnic mesenchyme, but expression is
minimal when compared with the right. The endothelial cells of the vitelline veins (v) and
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some sinusoidal vessels (grey arrowheads) are also Nr1h5+. By 10.5 dpc Nr1h5 is
throughout the liver mesenchyme and endothelial cells (Fig.24 Q, grey arrowheads). This
contrasts the previously presented STM enriched genes that are limited to the
mesenchyme surrounding the rostral liver at 10.5 dpc. Nr1h5 is expressed throughout the

Figure 24. Limited rostral/caudal candidate gene expression observed throughout
rostral and caudal lobes.
A-O) A number of rostral candidates were expressed in hepatoblasts and throughout the
gut tube, gall bladder, and developing stomach at all stages examined. Slc2a3 was
expressed throughout the hepatoblasts at all stages (A-C). Cldn4 was detected in
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hepatoblasts at 10.0 dpc (D) and was absent at 10.5 and 11.5 dpc (E,F). Cldn6 was
observed in hepatoblasts until 10.5 dpc (H) and was absent at 11.5 dpc (I). Cldn7
expression was confined to a few hepatoblasts proximal to the gut tube at 10.5 dpc (K)
and absent from the liver at 11.5 dpc (L). Epcam was in most hepatoblasts at 10.0 and
10.5 dpc (M,N) but was absent from the liver at 11.5 dpc (O). P-R) The caudal candidate
Nr1h5 was observed throughout the liver mesenchyme and vasculature (grey arrowheads)
at 10.0 and 10.5 dpc, with evident enrichment in the right caudal lobe at both stages
(P,Q). At 11.5 Nr1h5 expression limited to the liver vasculature (grey arrows) and tip of
the right caudal lobe (R, yellow arrowhead). S-AA) Caudal candidates Ada and Gatm
were found in endothelial cells of the sinusoids (grey arrowheads) and vitiline veins (v)at
10.0-11.5 dpc (S-X). Caudal candidate S100a4 expression was first observed in some
CLM (yellow arrowhead) and adjacent coelomic mesothelium (arrow) as well as in the
body wall mesenchyme between the rostral and caudal lobes (black arrowheads) at 10.0
dpc (Y). At 10.5 dpc, some CLM (yellow arrowheads) expression remains, and S100a6
expression is not also seen throughout the developing sinusoidal vessels (Z, grey
arrowheads). Vitelline vein =v, ductus venous = dv, stomach =s, subcardinal vein =scv,
gall bladder =gb.
left CLM to levels comparable with STM but is absent from the right caudal mesothelium
(Fig.24 Q, yellow arrowhead). Expression is still comparatively robust within the right
caudal lobe and was throughout its mesothelium. Similar to Naaa and Prl3d1, Nr1h5 was
also expressed in a small anterior portion of gut mesentery adjacent to the right caudal
liver lobe (Fig.24 Q, asterisk). At 11.5 dpc expression is speckled throughout portions of
the liver mesothelium and endothelial cells (Fig.24 R). Expression in endothelial cells of
the sinusoidal vessels (grey arrowheads) is especially apparent toward the interior liver,
in the left side of the developing ductus venosus (dv), the connective mesenchyme
between liver and gut tube and the distal tip of the right caudal lobe (yellow arrowhead;
Fig.24 R).
Three genes from the list of caudal candidates were detected in the endothelial
cells of the forming sinus throughout the liver from 10.0-11.5 dpc. Ada is first apparent in
the cells lining the vitelline veins (v) of the caudal lobes and in sinusoidal vessels of the
rostral lobes (grey arrowheads; Fig.24 S). By 10.5 dpc, sinusoids have formed in both
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lobes and Ada is expressed throughout although some rostral lobe enrichment is apparent
(Fig.24 T, grey arrowheads). By 11.5 dpc Ada expression is throughout the liver
vasculature (Fig.24 U). Much like Ada, Gatm expression is observed in the 10.0 dpc liver
vasculature, in cells lining the vitelline veins (v) and developing sinusoids (grey
arrowheads) and throughout the endothelial cells of the hepatic sinusoids at 10.5 and 11.5
dpc (Fig.24 V-X). S100a6 is first evident in a small population of the CLM/coelomic
mesothelium (yellow arrowhead and grey arrow, respectively; Fig.24 Y) and adjacent
body wall mesenchyme at the border of the rostral and caudal lobes (black arrowheads;
Fig.24 Y). At 10.5 dpc, S100a6 is apparent in a subset of endothelial cells of the
sinusoidal vessels of rostral and caudal lobes (grey arrowheads), in some portions of
CLM mesothelium (yellow arrowheads), and in the mesenchyme at the border between
lobes (black arrowheads; Fig.24 Z).
Igfbp2, Hoxa5, and Col1a1 are present in the liver mesenchyme but do not appear
restricted to caudal or rostral lobes. Igfbp2 is expressed at varying levels throughout most
of the embryonic mesenchyme including that which surrounds the rostral liver, is not
present in hepatoblasts, but is enriched in the gall bladder (gb) and stomach (s), and
detected in portions of liver (Fig.24 BB-DD). Hoxa5 is present in most mesenchyme of
the trunk and posterior embryo, including the rostral and caudal mesothelium, but
becomes restricted to the tip of the right caudal lobe (yellow arrowhead) at 11.5 dpc
(Fig.24 EE-GG). Col1a1, although more widely expressed also highlights midline STM
at 10.0 dpc and, like Sfrp5, is enriched around the rostral liver at 10.5 dpc (Fig.24 HH-II).
Col1a1 is also found in portions of the caudal lobes at 10.0 dpc, and at 10.5 dpc when it
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becomes restricted to the mesothelial layer. By 11.5 dpc, Col1a1 expression in the liver
is restricted to the mesothelium surrounding both rostral and caudal lobes (Fig.24 JJ).
5.5 Discussion of heterogeneity in the developing liver
The fate mapping and expression data revealed in this study strongly support the
hypothesis that the rostral and caudal hepatic niche are each supported by distinct
mesenchymes. Differentially expressed genes are observed in the STM or CLM rather
than the hepatoblasts themselves. This said, we did not detect differences in the
hepatoblast population supported by each niche. We believe that this was due to the high
ratio of non-hepatoblast to hepatoblasts at the stages we examined. However we were
able to determine that the rostral and caudal lobes mesenchyme are transcriptionally
distinct. Furthermore the unanticipated differences between the right and left caudal lobes
supports the hypothesis that the early rostral/caudal or right/left located hepatoblasts may
receive different sets of signals to guide them towards their ultimate hepatic potential.
Prior to hepatic induction (7-8S or ~8.25 dpc) the LP and VMEL progenitors are
located over distinct mesoderm-derived populations (Tremblay and Zaret, 2005). The
STM, mirroring the LP, is composed of two bilateral populations at ~8.0 dpc that move
toward the midline as the gut tube forms and presumably fuse to encase the posterior
liver bud by ~9.5 dpc (Dunwoodie et al., 1998; Heikinheimo et al., 1994; Palaria et al.,
2018). A comparison of location of the LP with the expression of genes expressed in the
STM, such as Cited2 and Gata4, strongly suggests that the LP are associated with the
presumptive STM prior to hepatic induction and through the early inductive stages
(Dunwoodie et al., 1998; Heikinheimo et al., 1994; Tremblay and Zaret, 2005). The
VMEL is located at the midline, presumably overlaying cardiac tissue, and can be seen
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overlaying the sinus venosus at liver budding stages (Fig. 18A). These data point to an
association of each liver progenitor with an even earlier unique mesoderm-derived cell
type that is described herein..
Recent studies have demonstrated the differential response of VMEL or LP to
previously defined inductive signals. Historical data demonstrating the pre-hepatic
endoderm requires FGF signaling utilized explants of VMEL rather than LP tissue. More
recent whole embryo data utilizing small molecule inhibitors of FGF produces Afp and
HNF4α loss in the VMEL-derived anterior liver bud (Jung et al., 1999; Wang et al.,
2015). Inhibition of BMP, by small molecule inhibitors of BMP, produces embryos that
have lost HNF4α in the posterior liver bud (Palaria et al., 2018). While it was previously
thought that BMP and FGF worked in parallel to induce the liver, the more recent data
from our lab indicates that each pathway affects distinct hepatic populations.
The VMEL and LP are associated with different mesenchymes from early stages,
presumably receiving distinct signals from each tissue as demonstrated by their
differential response upon uniform loss of signals. After liver budding, we believe that
the VMEL and LP hepatoblasts populate the caudal and rostral liver lobes respectively,
again presumably directed by a unique set of signals. The novel mesenchyme data
presented herein provide a picture of the distinct set of signals emanating from the STM
and CLM. The 10.0 dpc STM is enriched in genes involved in the Wnt and BMP
signaling pathways. The CLM is for the most part devoid of these factors and instead
expresses inhibitors of Wnt signaling, Lhx9 and Barx1, a regulator of endocannabinoid
signaling Naaa, a potential regulator of prostaglandin signaling Prl3d1, and the promoter
of EMT Tm4sf5. Furthermore, in contrast to the rostral liver mesenchyme, the CLM
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demonstrates a not previously described left/right asymmetry. Also striking are the
overall differences in expression. CLM markers are discreetly expressed in the caudal
lobes while STM enriched genes are far more widespread throughout the embryo. This
asymmetric gene expression may be indicative of the relative age of each of these lobes.
The main rostral lobe is clearly the first induced, while recent fate-mapping studies hint
at the fact that the caudal lobes, including the eventual caudate lobe, are all derived from
a common progenitor.

5.5.1 The rostral liver is enriched for known signaling components
In contrast to genes marking the CLM, many of the STM enriched genes are also
expressed throughout adjacent body wall mesenchyme (Ddr2, Alx3, Flrt2, Wnt2, Sfrp5
Mab21l2, Col1a1, and Bmp4) and in the limb buds (Ddr2, Alx3, Mab21l2, Col1a1, and
BMP4). It could be inferred that this broad expression is indicative of pan-mesodermal
genes that do not have a specific role in liver development. Similarly, it may appear that
the rostral-enriched genes mark tissues with a shared lineage. To address this point, the
STM is believed to be splanchnic in origin (Dunwoodie et al., 1998), splanchnic
mesenchyme surrounding the adjacent gut is conspicuously negative for STM enriched
genes. Thus expression of STM-enriched genes throughout the body wall, which is
somatopleuric in origin, are not the result of shared origin (Kaufman and Bard, 1999). To
address the point that the genes may be pan-mesodermal, the genes enriched in the STM
have a direct role in liver development or are part of signaling pathways with known
roles in liver development, such as Wnt and BMP, or have been studied in liver diseases
(Klein et al., 2008; Lakhwani et al., 2010; Li et al., 2008; Liang et al., 2017; Manley et
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al., 2001; Maretto et al., 2008; Matsumoto et al., 2013; Muller et al., 2011; Palaria et al.,
2018; Poulain and Ober, 2011; Rossi et al., 2001; Saito et al., 2012; Seiradake et al.,
2014; Stuckenholz et al., 2013; Tai-Nagara et al., 2017; Xu et al., 2011; Zhang et al.,
2018), argueing against a conserved pan-mesodermal function.
The essential STM genes, BMP4 and Mab21l2 are enriched in the STM but not
CLM. Knockout of Mab21l2 or inhibition of BMP4 signaling results a shared phenotype,
namely loss of Gata4 in STM and a hypoplastic liver bud at 9.5 dpc (Rossi et al., 2001;
Saito et al., 2012). More detailed analysis of the liver phenotype, upon BMP inhibition,
shows that hepatoblasts markers Hnf4α and Afp are selectively lost from the posterior but
not anterior liver bud (Palaria et al., 2018). It would stand to reason that examination of
this ex vivo phenotype at 10.0-11.5 dpc would yield loss of the rostral liver. Similarly,
Mab21l2 -/- embryos have lost much of their liver mass by 10.5 dpc. The liver that
remains appears as two lateral populations, dorsal to where the rostral lobe should be,
encased by a mesothelial layer at 11.5 dpc with a large blood vessel in the center (Saito et
al., 2012). Given that Mab21l2 expression is restricted to the caudal lobes between 1010.5 dpc, we would hypothesize that the caudal lobes and their hepatoblasts remain in
knockout-embryos. Together this body of evidence strongly agrees with the hypothesis
promoted herein, that Mab21l2 and Bmp4 are expressed selectively in STM, and
therefore loss of either would result in defective posterior liver bud/rostral lobe defects
and that the anterior liver bud/caudal lobes would be less affected.
In addition to the early roles of BMP and FGF in hepatic induction, Wnt signaling
has been shown to be important in somewhat later steps of liver development of the
mouse and in other species (Lade and Monga, 2011). The role of Wnt signaling in liver
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induction and differentiation is complex, its effects being time, dose, and species specific.
Broadly, Wnt patterns early definitive endoderm into a hindgut rather than foregut fate by
upregulating the hindgut gene, CDX2, and by the repressing early hepatic gene HEX.
Inversely, it is required slightly later for hepatic specification and budding in chick,
zebrafish, and Xenopus [Reviewed in (Lade and Monga, 2011)]. In zebrafish,
mesodermal Wnt2 is required for proliferation of hepatoblasts, while Wnt2bb is required
for liver rather than pancreas specification, and for timely liver bud formation (Poulain
and Ober, 2011). In rat, Wnt2 acts through VEGF to promote sinusoidal endothelial cell
survival (Klein et al., 2008). In mouse, loss of canonical Wnt signaling in the FoxA3positive foregut does not have an early liver bud phenotype, but results in later defects in
invasion of hepatoblasts into surrounding mesenchyme and subsequent biliary
differentiation (Margagliotti et al., 2008; Tan et al., 2008). At 10.0 dpc Wnt2 is
expressed in the outer portion of the STM and is excluded from CLM. By 10.5 dpc, Wnt2
is restricted to the body wall and cells encasing the rostral liver. Also adjacent to rostral
liver at 10.5 is inhibitory phosphatase subunit Ppp1r14c. In Xenopus, mammalian cell
culture and drosophila embryos, Ppp1r14c has been shown to regulate the activity of
Protein Phosphatase 1 (PP1), which is in turn a positive regulator of β-catenin signaling
(Drgonova et al., 2010; Luo et al., 2007). Deletion of β-catenin in endoderm derivatives,
thereby abrogating canonical Wnt signaling, results in smaller livers at 12.0 dpc that
degenerate over time, exhibit increased apoptosis, and improper biliary differentiation
(Tan et al., 2008). Tan et al do not describe in detail if there is a difference between the
lobes of the liver, but interestingly, there does appear to be asymmetry in these livers at
17.0 dpc, potentially indicated that the rostral liver is more sensitive to β-catenin loss.
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Also enriched in the STM are cell adhesion/ EMT related genes Flrt2,
(fibronectin leucine rich transmembrane protein 2) and Ddr2 (discoidin domain receptor
family, member 2). The role of Ddr2 has not been described in liver development but has
been studied in hepatocellular and thyroid carcinomas, where it promotes EMT (Liang et
al., 2017; Xie et al., 2015). At 10.0 dpc, when hepatoblasts are migrating out of the liver
bud into their ultimate mesenchymal environment, Ddr2 is expressed throughout the
STM. While most other STM enriched genes are expressed in the outer layer of STM,
Ddr2 is detected throughout the STM and at close proximity to the invading hepatoblasts
(compare Fig. 4A to Fig. 4D, J, M, V). Flrt2 is similarly expressed in the STM, directly
in contact with the liver bud. FLRT2 regulate cell adhesion versus repulsion and
proliferation. Homophilic interactions result in cell adhesion. Conversely FLRT2 is a
ligand of Unc/Netrin receptors that promote cell repulsion, and is necessary for
expression of Integrin family members that stabilize tissue structure and are required for
cell migration (Seiradake et al., 2014; Tai-Nagara et al., 2017; Xu et al., 2011). Its
expression is required in placental endothelial cells for labyrinth formation, and is also
observed endothelial cells the vitiline (v) and subcardinal veins (scv) and possibly
sinusoidal vessels at 10.0 dpc, a portion of the sinusoidal vessels at 10.5dpc, and
sinusoidal vessels and ductus venosus (DV) at 11.5 dpc (Fig 4G-I’, grey arrowheads
indicate sinusoidal vessels) (Tai-Nagara et al., 2017).
Alx3 (aristaless-like homeobox 3) is downstream of BMP2 in osteoblast
differentiation and Hoxb2/Hoxb4 in body wall mesenchyme (Manley et al., 2001;
Matsumoto et al., 2013). In Hoxb2/Hoxb4 mutants, the liver is small and moved
ventrally in the embryo. While a gut phenotype has not been explored in Alx3 mutant
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embryos, Hoxb2/Hoxb4 mutants show loss of Alx3 and a ventrally placed liver rudiment
at E11.5, possibly indicating partial loss of the developing liver (Lakhwani et al., 2010;
Manley et al., 2001).
5.5.2 Caudal lobe genes are specific and display left/right asymmetries.
The caudal liver lobes are marked by a set of genes that are excluded from the
rostral liver. Another unexpected attribute of caudal lobe genes is that they often exhibit
marked left/right asymmetries. For example Lhx9 and Barx1 mark the left caudal lobe at
all stages examined while Naaa and Prl3d1are sequestered to the tip of the left lobe at
11.5. Additionally, although Nr1h5 (nuclear receptor subfamily 1, group H, member 5) is
expressed at varying levels throughout much of the liver, it is markedly upregulated in
the right caudal lobe at 10.0 and 10.5 dpc, demonstrating reproducible laterality.
Barx1 (BarH-like homeobox 1) and Lhx9 (LIM homeobox protein 9), both
preferentially expressed in the left caudal lobe, have been demonstrated to inhibit Wnt
signaling in the foregut during trachea/esophagus formation and in the forebrain,
respectively (Kim et al., 2005; Kim et al., 2007; Peukert et al., 2011; Woo et al., 2011).
Lhx9 has also been shown to regulate cell migration and left-right positioning through
Integrin signaling (Raven et al., 2017; Speicher et al., 2014; Tandon et al., 2016.) The
role of Integrins, particularly ITGB1 in regeneration, a process that shares many parallels
with development, have been extensively described (Patman, 2014). Loss of Itgb1
impairs the regenerative ability of hepatoblasts after chemical or diet induced injury
(Raven et al., 2017; Speicher et al., 2014). Itgb1 is expressed at high levels in the 10.0
dpc liver, (average caudal FPKM 130, rostral FPKM 154), compared to the hepatoblasts
marker Dlk1 (caudal FPKM 19, rostral FPKM 26), or the STM/CLM gene Gata4 (caudal
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FPKM 101, rostral FPKM 86). While the presence of Itgb1 is not definitive evidence that
is plays a similar role in development as it does in regeneration, it points to the possibility
of yet unexplored signaling pathways in liver development, especially in the CLM, which
has not been extensively examined.
Tm4sf5 (transmembrane 4 superfamily member 5) mediated EMT has been
extensively described in multiple cancer types, including hepatocellular carcinoma, and
in liver fibrosis [reviewed in (Lee, 2015)]. During development, it regulates muscle
development in zebrafish through Integrin signaling, modulating cell shape, cell-cell
adhesion, and migration (Choi et al., 2014). These processes are vital for liver
development. Failure of the hepatoblasts to migrate out of the liver bud and invade
surrounding mesenchyme results in failure of further differentiation and leads to
deterioration of the liver parenchyma (Margagliotti et al., 2008). Furthermore, the role of
Integrins in regeneration, a process that shares many parallels with development, has
been extensively described (Patman, 2014; Raven et al., 2017; Speicher et al., 2014).
There may be a yet unexplored role of Integrin signaling in development, especially in
the CLM, which has not been extensively examined.
Also selectively expressed in the CLM mesothelium is Naaa (N-acylethanolamine
acid amidase), a member of the choloylglycine hydrolase family. Naaa is an integral
component and regulator of the endocannabinoid pathway, which positively regulates
liver development in zebrafish (Liu et al., 2016). Naaa degrades fatty acid amides, such
as endocannabinoids, the ligands of cannabinoid receptors. Endocannabinoids are not
stored but synthesized on demand, thus, both their production and degradation must be
tightly controlled (Rodriguez de Fonseca et al., 2001). Chemical activation of
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cannabinoid signaling, through receptors Cnr1 and Cnr2, results in increased liver size
while loss of Cnr1-/- Cnr2 -/- embryos displayed hypoplastic livers, demonstrating an
integral role of endocannabinoid signaling in vertebrate development (Liu et al., 2016).
Prl3d1 (prolactin family 3, subfamily d, member 1) is part of the prolactin family
of genes. While mouse has 26 known members, humans have the single prolactin.
Signaling can be accomplished long range, as a hormone, or locally, as a cytokine
[reviewed in (Soares, 2004)]. In rat, Prolactin upregulates Prostaglandin E2 in uterine
stromal cells (Prigent-Tessier et al., 1996). In zebrafish, Prostaglandin E2 promotes
hepatic over pancreatic fate, and in older stages promotes hepatic outgrowth through
Ep4a (Nissim et al., 2014). Prl3d1 is expressed in the mesothelium of the caudal lobes at
10.0 dpc and quickly becomes limited to the posterior portion of the left caudal lobe at
10.5-11.5 dpc.
Surprisingly, all of the genes demarcating CLM at 10.0 dpc become restricted to a
small population of cells at the tip of the left caudal lobe by 11.5 dpc. Conversely, HoxA5
and Nr1h5 are enriched in the tip of the right caudal lobe at 11.5. HOXA5, a major
transcriptional regulator, has extensive roles in tissue patterning, specification, and
differentiation (Aubin et al., 2002; Aubin et al., 1998; Chen et al., 2005; Jeannotte et al.,
1993). Nr1h5 has not been described in murine development but is a marker of liver in
Xenopus and zebrafish, indicating it may have conserved roles in liver development
(Bertrand et al., 2007; Rankin et al., 2018; Seo et al., 2002). In the left caudal lobe tip are
Naaa, Prl3d1, and Tm4sf5, which have roles in growth and tissue remodeling (Choi et al.,
2014; Lee, 2015; Liu et al., 2016; Nissim et al., 2014; Rodriguez de Fonseca et al., 2001;
Soares, 2004). Also present in the left caudal lobe is Lhx9, also necessary for cell

115

migration and left-right positioning (Tandon et al., 2016). Both Lhx9 and Tm4sf5 play
roles in regulation of Integrin signaling. Given the roles of the genes selectively
expressed within it, perhaps the tissue at the tip is acting to regulate the growth of the left
caudal lobe. Though a clear role for the tissue at the tips of the caudal lobes is not clear
from this data, these cells do appear transcriptionally distinct from those around them and
warrant further investigation.
5.5.3 Conclusions
The results presented herein identify two liver mesenchymes, STM and CLM,
which arise from different mesoderm-derivatives, are transcriptionally different, and are
populated by distinct hepatoblasts. Each mesenchyme expresses a unique repertoire of
factors that may serve to maintain or further distinguish its resident hepatoblast
population. This data makes considerable steps toward defining conditions in the
embryonic liver that may generate the heterogeneity recently observed in the adult liver
parenchyma.
5.6 Heterogeneity in the developing liver: alternative strategies and future pursuits
The experiments presented within this study describe differences in the liver lobe
mesenchyme during the time of lobe formation. They support the hypothesis that the liver
mesenchyme is two separate populations, STM and CLM, with different origins and
different transcriptional profiles. While these experiments strongly suggest that there are
differences in the hepatoblasts resulting from VMEL and LP populations, further work is
necessary to define the steps the hepatic parenchyma uses to become functional adult
tissue.
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Transcriptional profiling of isolated bulk hepatocytes is a logical step toward
understanding their developmental path from induction to differentiation. One method we
have begun to explore and one that has been successfully used by others (RodriguezSeguel et al 2013) at the early stages of liver development includes FACS purification of
transgenic liver tissue with a hepatocyte-specific fluorescent reporter. Another alternative
would be to use an antibody that recognizes hepatoblast specific cell surface marker, such
as DLK1. The efficacy of DLK1-mediated hepatoblast sorting has been demonstrated at
14.5 dpc, and expression is seen as early as 10.0 dpc (Tanimizu et al., 2003) suggesting
that sorting hepatoblasts at time points when the liver lobes are first distinguished is
possible.
Preliminary experiments attempting to FACS sort hepatoblasts from Hex-GFP
mice, that express GFP in the E10-11.5 hepatoblasts (Rodriguez et al 2001) as well
sorting experiments performed with the DLK1 antibody on WT hepatoblasts from the
10.5 dpc mouse liver were performed. In each experiment, rostral and caudal lobes were
dissected, and pooled rostral or caudal lobes then digested into a single cell suspension.
These suspensions were stained with Propidium Iodide (PI) to exclude dead cells. WT
(CD1) livers were labeled with DLK1 antibodies, and the cells immediately sorted. HexGFP livers did not yield clearly identifiable GFP+ and GFP- populations after FACS,
indicating that the strength of the GFP signal was too close to the baseline fluorescence
of the entire population. Furthermore, the rate of cell survival was very low, as assessed
by PI uptake, and the strategy was abandoned (Fig. 25 A,B). DLK1 labeling was not able
to resolve hepatoblast populations at 9.5 dpc (Fig.25 C,D), but did result in more distinct
positive and negative populations at 10.5 dpc (Fig.25 E,F). There were, however, still
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Figure 25. FACS sorting of hepatoblasts using Hex-GFP livers or Dlk1-FITC
labeling.
A-C) Sorting of GFP+ cells from rostral and caudal 10.5 dpc liver lobes of litters of HexGFP+/- mice yielded little detectable differences between GFP- and GFP+ cells (A) and
few total cells from rostral (B) or caudal (C) lobes. D-E) Hepatoblasts from whole 9.5
dpc livers labeled with FITC conjugated anti-Dlk1 antibodies, showed low expression of
DLK1 and no separation based on fluorescence intensity (D-E). F-I) Rostral (F,G) and
caudal (H,I) lobe hepatoblasts from 10.5 dpc livers were similarly labeled and some
separation between the DLK1- and DLK1+ populations occurred (F,H), but the putative
hepatoblasts constituted a small subset of the total cells(G,I).
very low numbers of PI- hepatoblasts. (Fig.25 G,H)). The average portion of hepatoblasts
from rostral or caudal lobes was 9.66% and 9.72% of PI- single cells, respectively. The
RNA produced from sorted hepatoblasts was degraded, suggesting that the protocol used
had damaged the few remaining hepatoblasts. If either of these sorting strategies were to
be used to collect hepatoblasts for RNA-seq analysis we would have to optimize them to
improve viability.
Analysis of entire lobes, containing hepatoblasts, mesenchymes, and endothelial
cells, as performed herein, is unbiased and provides a wealth of information, but has both
advantages and drawbacks. The advantages of a whole tissue strategy for transcriptome
analysis is that it preserves cells in their endogenous state, preserves all cell types and is
does not rely on any biases (such as that all hepatoblasts express high levels of DLK-1,
the antibody routinely used for isolating fetal hepatoblasts). The drawback of wholetissue based transcriptome analysis experiments is the lack of sensitivity to resolve more
differences in those smaller cell populations. One way to identify rare cells in an
unbiased manner includes single cell RNA-sequencing strategies (Yang et al 2007).. In
such experiments, dissected livers would be digested into single cells that would be taken
immediately for RNA isolation. A large sampling of cells, preferable from different
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locations in each lobe, would be necessary to account for possible heterogeneity within
the hepatoblasts. Differences in the hepatoblasts between and within lobes could be
detected by this method. Expression of the candidate genes, by in situ hybridization
would then validate differential expression, and possibly even identify subsets of
hepatoblasts. These experiments would shed much needed light on the path(s) from
progenitor to functional cell and may elucidate the factors behind heterogeneity in the
adult liver parenchyma.
In parallel to the search for novel pathways in liver development, examination of
genes with a known role in liver development should be examined with an eye for rostral
and caudal differences. Loss of Mab21l2, for example, results in a hypoplastic liver bud
and GATA4 deficient STM at 9.5 dpc, but loss of only a portion of the liver by 10.5 dpc.
At 11.5 dpc, what appear to be caudal lobes are identifiable though the rostral liver is
absent (Saito et al., 2012). Similarly, BMP4 knockout results in a hypoplastic liver bud
while BMP inhibition results in loss of GAT4 in STM, and loss of hepatoblasts genes in
the posterior liver bud at ~9.5 dpc (Palaria et al., 2018; Rossi et al., 2001). Examination
of BMP4 mutants at 10.5 dpc should be performed to assess the survival of the rostral
liver. Hoxb2/Hoxb4 mutants, also present a small, ventralized liver at 10.5 dpc that could
be a remnant of the rostral liver without caudal lobes (Manley et al., 2001). Removal of
β-catenin in Foxa3 expressing endoderm results in a small liver at 14.0 dpc, and lobe
asymmetry 17.0 dpc (Tan et al., 2008). As the role of Wnt signaling is demonstrated
throughout multiple stages of liver development in multiple species, it should be
determined which lobes suffer disproportionally to the loss of canonical Wnt signaling
(Lade and Monga, 2011). These are just some of the mutants with liver phenotypes that
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could be examined in light of the novel differences in rostral/caudal and left/right lobes
we have now uncovered and are obvious candidates for further examination.
More importantly, heterogeneity in the liver should be considered in future
developmental studies to accurately assess how the pre-hepatic endoderm becomes
functional adult tissue. The current data describing heterogeneity on adult liver
parenchyma suggests that there may be intrinsic differences earned over development. A
thorough understanding of variation in developmental pathways is necessary is cells are
to be brought from prepotency to functional tissue in vitro,
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APPENDIX A
FATE MAPPING MATERIALS AND METHODS

1.1 Embryo culture and DiI labeling
CD-1 (Charles River) females were mated with CD-1 studs and the morning of the
copulation plug defined as 0.5 dpc. To obtain embryos between the 2-11 SS, females
were routinely sacrificed early on day 8 of development. After removal from the uterus,
embryos were immediately and quickly dissected in warmed and equilibrated (at least
one hour in a 5% O2, 5% CO2, 37°C incubator) dissection media [DM: 10% Fetal bovine
serum, 90% DMEM (Lonza, 12-709)] under a Nikon SMZ1500 dissection microscope
equipped with a 37°C stage. After dissection, embryos were held in a 4-well dish (Nunc)
in a 5% O2, 5% CO2, 37°C incubator in culture media [CM: 75% rat serum (Valley
Biomedical, AS3061), 25% DMEM (Lonza, 12-614) supplemented with Pen/Strep
(Gibco), non-essential amino acids (Lonza) and GlutaMAX (Gibco)]. Embryos were
individually labeled with Chloromethylbenzamido-DiI (CM-DiI, Molecular Probes) as
described previously (Tremblay and Zaret, 2005), except that the DiI was used at a
concentration of 0.02-0.04 µg/µl in 0.3M sucrose. The position of the labeled cells was
recorded manually and documented using epifluorescence and bright field images
produced using a MicroPublisher 5.0 RTV camera and Qimaging software. After
manipulation, each labeled embryo was temporarily incubated in a single-well of a 4-well
dish, as noted above, until all embryo manipulations were complete. For long-term
culture, embryos were placed into individual glass bottles with 1-1.5ml of 37°C
equilibrated CM and placed into roller culture as described (Tremblay and Zaret, 2005).
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Bottles were re-gassed at least once during the ~30 hour culture period. At the end of
culture the extraembryonic tissues were removed, the quality of each embryo noted, the
somites counted and then embryos fixed in 4% paraformaldehyde overnight at 4°C.
Embryos were then washed 2X in phosphate-buffered saline (PBS) and imaged to
document the position of the labeled cell descendants and quality of the embryo. After
imaging, the embryos were dehydrated, xylene treated and mounted in paraffin wax for
sectioning.

1.2 Fate map construction
Because portions of the region to be fate mapped are found in the curved region of the
“U” shaped embryo, the flat rostral foregut fate maps were created by photographing
appropriately staged embryos in whole mount and acquiring frontal, lateral and posterior
images at the same magnification. Images from a single embryo were merged and the
easily distinguishable surface features such as headfolds, AIP, caudal intestinal portal
(CIP) and somites traced with a drawing tool to create the 2-dimensional embryo
cartoons (Fig. 1A-C). Given that the endoderm to be examined overlies and is proximal
to the somites, the shape and organization of which is extremely regular, the labeled
endoderm could easily be recognized and recorded in relation to these and other
identifiable structures such as the AIP.

1.3 Immunofluorescence
Each embryo used in this analysis was sectioned at 7µm and all sections collected on a
single slide. Each slide was dewaxed in xylene and rehydrated through an ethanol series.
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Antigen retrieval was performed by microwave treating in Tris buffer (0.01M Tris base,
pH 10), cooled for 1 hr at room temperature (RT), washed with PBS with 0.1% Tween-20
(PBT), blocked with 0.5% milk in PBT for 2 hours and hybridized with primary antibody
(in 0.05% milk/PBT) overnight (O/N) at 4°C. After PBT washes the sections were treated
with secondary antibody (Molecular Probes; 1:500) at RT for 1 hour. After washing in
PBS for 30 minutes the sections were treated with 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI, Molecular Probes, 1:10,000) for 4 minutes and coverslipped with
ProLong Gold Antifade Reagent (Invitrogen). Sections were imaged on either a Nikon
TE2000-S inverted microscope with a Retiga EXi Fast camera or a Nikon Eclipse Ti
inverted microscope with an Andor DR-228C camera. Both microscopes use NIS
Elements imaging software. Primary antibodies used were: rabbit anti-PDX1 (1:2000,
Abcam, ab47267), guinea pig anti-PDX1 (1:1000, Abcam, ab47308) and mouse antiTTF1 (Thermo Scientific, MS-699-R7). PDX1 immunofluorescnce (IF) was performed
on each labeled embryo to distinguish the dorsal and ventral pancreas buds. To gain
confidence in the identification of the thyroid bud, TTF1 IF was performed on similarly
staged wild-type embryos as well as on a limited number of VMEL labeled embryos
(data not shown). The liver bud was identified by it characteristic morphology.
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APPENDIX B
LASER ABLATION MATERIALS AND METHODS

1.1 Embryo dissection and culture
Dissections and collection of embryos was performed as described above in Appendix A
1.1. After dissection, embryos were held in a 4-well dish (Nunc) in a 5% O2, 5% CO2,
37°C incubator in CM. After laser manipulation, each embryo was temporarily incubated
in one well of a 4-well dish in CM until all embryo manipulations were complete.
Embryos were cultured and processed for histological analysis as described above.

1.2 Laser ablation
At the time of laser manipulation, each embryo was transferred to a 60 mm tissue culture
dish containing 3-4 ml of 37°C DM and imaged on a Nikon SMZ1000 dissection
microscope equipped with a 37°C stage. To prepare the buoyant embryo for ablation, the
region of the embryo to be manipulated was securely positioned to face the bottom of the
tissue culture dish. This was performed by positioning the embryo in the confines of a Ushaped holder cut from RTV615 silicone rubber (Momentive) and the embryo
immobilized with a small cube of silicone that fit snugly into the channel of the larger
holder. We found that a holder measuring 1.5 X 5 X 8 mm and channel 2 X 4 mm, with a
2 X 2 mm block was best to hold our ~8.5 dpc embryos securely in place. The positioned
embryo was then transferred to an Olympus IX50 inverted microscope equipped with an
automated stage and laser (Stilleto, Hamilton Thorne). The embryo was imaged at 4X to
ensure proper positioning and then viewed through the 20X objective fit with the laser.
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Unless otherwise noted, pulse durations of 80-150 µs were used depending on the
distance of the target cell population from the focal point of the objective. Individual
pulses were performed at 10 µm intervals, the approximate width of an endoderm cell
[(Kaufman and Navaratnam, 1981); and personal observation (JA)], over the entire area
of interest. The laser guide, which was easily seen under the microscope, defined the
position of the laser on the tissue and the automated stage (Hamilton Thorne) was used to
move the embryo in 10 µm increments. It should be noted that the endoderm of younger
embryos [1-4 somite pairs (S)] was more sensitive to laser ablation than the endoderm of
older embryos (5-14S). Changes in sensitivity to laser ablation by a particular cell
population during development has been noted previously (Thayil et al., 2008). Pulse
durations of 80-100 µs were sufficient to induce ablation in endoderm of 1-4S embryos
while the endoderm of older embryos (5-14 S) required 120-150 µs pulses to achieve a
comparable result. Because of poor developmental outcomes associated with time out of
culture, all embryo manipulations were completed within twenty minutes or the embryo
was discarded. After ablation, each embryo was immediately transferred back into CM
and held in a 4-well dish (37°C/ 5% CO2/ 5% O2). When ablations were complete,
embryos were subjected to roller culture as described above.

1.3 Embryo Staining
DiI labeling was performed on individual embryos after laser treatment (CM-DiI,
Molecular Probes) as described above in Appendix A 1.1. The position of the labeled
cells was recorded and embryos were cultured in roller bottles as described above.
Embryos that were not placed into overnight culture were labeled with trypan blue
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(Gibco) by direct application or propidium iodide (50 µg/L, Sigma) and Hoechst
(1:10,000, Molecular Probes) in CM immediately after manipulation. Those to be stained
immunofluorescently to assess Caspase activity were placed in CM for two hours after
laser manipulation. All embryos were fixed in 4% paraformaldehyde overnight at 4°C for
histological processing.

1.4 Immunofluorescence
Immunofluorescence and imaging was performed as described above. Primary
antibodies included: mouse anti-FoxA1 (1:1000, [Seven Hills, WMAB-2F83]), goat antiHNF4α (1:200, [Santa Cruz sc6556]), rabbit anti-AFP (1:200, [Gentaur, BMDA02]),
rabbit anti-Caspase-3 (1:500, [Abcam, ab13847]), rabbit anti-Laminin (1:500, [Sigma
Aldrich, L9393]) and mouse anti-E-Cadherin (1:500, [BD Biosciences, 610181)].

1.5 Quantification of liver area
From each embryo, the number of sections containing liver bud was counted. Sections at
the level of 1/2, 2/3 and 3/4 of each bud were chosen for measurement. We previously
showed that much of the rostral region of the bud is derived from a midline progenitor
population not targeted in our ablations (Angelo et al., 2012a; Tremblay and Zaret,
2005). To be confident that we were not measuring contribution from the midline
progenitors, area measurements were confined to the posterior half of the liver bud.
Measurements were performed using the “Annotations and Measurements” tool in NIS
Elements software. For each section, the midline of the liver bud was estimated as arising
from the midpoint of the associated gut tube. Using this midline estimate, the size of the
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ablated and contralateral (control) sides was measured. Measurements for the three levels
of the liver bud were averaged for control and ablated sides, respectively, and plotted as
area of control vs. ablated per embryo in Figure 10 Q. The right and left sides of the liver
buds of control embryos, which were cultured but not laser treated, were measured in the
same manner as laser treated embryos. These data were averaged, for right and left side
respectively, and plotted in Figure 10 Q. Error bars represent standard error p = 9.73 E-05
calculated by student’s two-tailed, unpaired T test.
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APPENDIX C
MESODERM FATE MAPPING MATERIALS AND METHODS

1.1 Embryo dissection, culture and DiI labeling
Dissections and collection of embryos, culture and DiI labeling was performed was
performed as described above in Appendix A.

1.2 Fate map construction
Initial labels were mapped onto illustrations representing the ventral surface of the 8.5
dpc embryo as previously described in Appendix A. Labels that gave rise to multiple
tissue populations were assumed to lay on the boarder of these tissues and analysis in
combination with similarly located labels on additional embryos was used to identify
each mesodermal population. After culture, maps were constructed by identifying labeled
tissues in section analysis. First and second branchial arches, thyroid bud, otic pit, atrium
and ventricle of the heart, liver bud and limb buds were used to determine the anteriorposterior position of the dye. The relative location of ventral and dorsal structures within
each image and the number of embryo sections on each slide between each image was
recorded to ensure that position of the embryo upon sectioning did not obscure analysis.
These labels were then mapped onto sagittal illustrations traced from an image of a 9.5
dpc embryo.

1.5 Immunofluorescence
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Immunofluorescence was performed as described in Appendix A. Primary antibodies
included: mouse anti-FoxA1 (1:1000, [Seven Hills, WMAB-2F83]), rabbit anti-SOX2
(1:500, [Abcam 97959]), goat anti-HNF4α (1:200, [Santa Cruz sc6556]), mouse antiNgn3 (1:500, [Hybridoma Bank F25A1B3]), rabbit anti-Laminin (1:500, [Sigma Aldrich,
L9393]), mouse anti-E-Cadherin (1:500, [BD Biosciences, 610181)], rabbit anti-PDX1
(1:1000, [Abcam, 47267)], guinea pig anti-PDX1 (1:1000, [Abcam, 47308)].
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APPENDIX D
LIVER DISSECTION, RNA SEQUENCING AND IN SITU HYBRIDIZATION
MATERIALS AND METHODS

1.1 Embryo dissection, liver lobe isolation, and RNA extraction.
Embryos were collected at 10.0 days post coitum (dpc), 10.5 dpc and 11.5 dpc, with the
morning of the copulation plug regarded at 0.5 dpc. Somites (S) were counted to ensure a
narrow age range was included. Somites corresponding to each stage are: 10.0: 32-36S,
10.5: 39-44S, 11.5: 50-55S. Dissections were performed in cold, diethyl pyrocarbonate
treated phosphate buffered saline (PBS). For RNA acquisition, livers were isolated and
carefully divided into rostral and caudal lobes. The tissue at the border of the rostral and
caudal lobes as well, the gall bladder, and the attached gut, was discarded. Samples were
immediately placed into Trizol Reagent (Thermo Fisher), triturated and stored at -80 °C
until RNA extraction. Each sample from each time point was composed of the collective
rostral or caudal liver lobes from at least eight embryos from one litter

1.2 Whole embryo culture and DiI labeling, histology, and immunofluorescence
Embryo culture and DiI-labeling were performed as previously described (Angelo et al
2017). Embryos for in situ hybridization and immunofluorescence (IF) were fixed in 4%
paraformaldehyde and processed for paraffin sectioning. Immunofluorescence was
performed as previously described using antibodies against ISL1 (1:250; 40.2D6,
Hybridoma Bank), HNF4α (1:200; sc6556, Santa Cruz), SOX9 (1:1,000;AB5535,
Millipore), GAAT4 (1:250; sc9053,Santa Cruz).

131

1.3 Generation and sequencing of RNA-seq libraries, read mapping and analysis
RNA quality and quantity were evaluated with an Agilent 2100 BioAnalyzer using RNA
6000 Nano Chips (Agilent 5067-1511) and NanoDrop 1000, respectively. Total RNA
was used to generate libraries following the Illumina TruSeq Stranded mRNA LT Sample
Prep Kit protocol (Illumina RS-122-2101). Two biological replicates, each consisting of
the collective rostral or caudal lobes from one litter of embryos, for each time point.
Libraries were assessed using Agilent DNA 1000 Kit (Agilent 5067-1504) and Qubit
dsDNA HS Assay Kit (Q32851). Illumina's NextSeq500 was used to generate 76-bp
paired-end reads. Alignment of sequences to mouse genome mm.10 (TopHat) and
differential expression analysis performed (CuffDiff). Candidate genes for further
validation were those that showed a log2 fold change of ≥ 1.5, and FPKM of ≥10 in the
tissue of interest (Fig 3B).

1.4 Validation by RT-PCR and probe synthesis.
Expression of all candidate genes was validated by RT-PCR in triplicate using biological
replicates. Rostral and caudal samples from a single litter were used for comparison in
each replicate. cDNA was synthesized using Superscript III First-Strand Synthesis
System (Thermo Fisher 18080051) and both OligoDT and random hexamer primers.
Primers for RT-PCR validation of candidates and probe synthesis are listed in Table 3.
All probes were cloned by first purifying from PCR products using Gene Clean Turbo Kit
(MP Bio 111102200) or Costar Spin-X columns (Corning CLS8160-96EA) cloned using
the TOPO TA Cloning Kit (Thermo Fisher 45-0030) and sequenced to confirm the insert.
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Template DNA was produced using QIAPrep Spin Miniprep Kit (Quiagen 27106) and
after linearization, DIG RNA labeling mix (Roche 17109821) and T7 or T3 RNA
polymerase (Roche 19011721 or 16072220) as well as murine RNase Inhibitor (New
England Biolabs M0314L) and Transcription Buffer (Roche 10977800) used to
synthesize the DIG labeled probes.

1.5 In situ hybridization
Embryos were collected at each indicated time point, fixed in 4% paraformaldehyde
overnight at 4°C, dehydrated and processed through an ascending series of MeOH/PBT,
xylenes, and finally paraffin. Embryos were sectioned at 7µm and divided among
multiple slides. Each slide was dewaxed in xylene and rehydrated through an ethanol
series, washed with PBT and treated with 10µg/ml Proteinase K for (Roche) for 5
minutes. Digestion was stopped with 2mg/ml Glycine (Sigma) 5 minutes, rinsed in PBT 5
minutes and fixed in 4% paraformaldehyde/ 0.2% gluteraldehyde for 10 minutes. Slides
were washed with PBT 5 minutes, 0.25% Acetic Anhydride/0.1M Triethylamine (both
Thermo Fisher) 10 minutes, PBT 5 minutes all at RT and washed once in hybridization
buffer (50% deionized formamide, 5X SSC, 0.1% Tween-20, 0.1%SDS, 50µg/ml
heparin, 50µg/ml yeast tRNA, 60mM citric acid) for 1 hour 65°C. Probes were added to
slides at 150ng/ ml hybridization buffer; slides were hybridized overnight at 70°C ( ~17
hours). Probes in hybridization buffer were then stored at -20°C and re-used for
subsequent in situ hybridizations. After hybridization, slides were washed for 15 minutes
with wash I (50% formamide, 4.5X SSC, 60mM citric acid, 1%SDS), and 3 times with
wash II (50% formamide, 2X SSC, 24mM citric acid, 0.2%SDS, 0.1% Tween-20) at
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65°C, allowed to cool, and washed 3 times in Malic Acid Buffer with 1% Tween-20
(MABT) for 5 minutes, blocked for 30 minutes in 2% Boehringer blocking reagent
(BBR) 5% sheep serum/MABT (Roche), and hybridized with anti-DIG antibodies
(Roche) at 1:5000 in 2% BBR/1%sheep serum/MABT. Slides were then washed 4 times
in MABT for 15 minutes, 3 times NTMT (0.1M NaCl, 0.1M Tris-base pH 9.5, 0.05M
MgCl2, 1% Tween-20), and stained in BM Purple (Roche). In situ for each validated
candidate gene was performed on at least three different embryos from each time point
(10.0, 10.5 and 11.5 dpc, and other time points as indicated for selected genes). Slides
were photographed in their entirety using a Pannoramic MIDI II slide scanner
(3DHistech) with pco.edge 4.2 sCMOS camera (PCO), and individual sections imaged
with a Nikon TE2000 inverted microscope equipped with a Retiga Exi cooled camera and
RGB filter (both QImaging).

1.5 Dissection, enzyme digestion, staining, and FACS sorting
Embryos were dissected from Hex-GFP or CD1 mice at 10.5 dpc in cold PBS.
Livers were removed and dissected into rostral and caudal lobes, discarding the gall
bladder, gut and pancreas buds, and tissue at the border of the liver lobes. Pooled rostral
or caudal lobes from a single litter were then digested with Accumax (Innovative Cell
Technologies, AM105-500) for 45 minutes at room temperature until the majority of cells
were disassociated into a single cell suspension. Cells were washed 3 times in 1ml PBS,
blocked for 25 minutes in 1.6% BSA in PBS on ice, incubated with anti Dlk1-FITC
(D187-4 MBL International) at a concentration of 10µg/ml which was added directly to
cells in 1.6% BSA blocking solution for 20 minutes on ice, washed 3 times in PBS and
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then resuspended in 200 µl FACS sort buffer [1mM EDTA, 25mM HEPS, 1X PBS (Ca2+
/Mg2+ free)] with 2.5 µl Propidium Iodide. Cells were immediately sorted directly into
cold Trizol Reagent (Thermo Fisher) on a BD FACSAria II (BD Biosciences), and
analyzed using BD FACSDiva software (DB Biosciences). RNA quality and quantity
were evaluated with an Agilent 2100 BioAnalyzer using RNA 6000 Nano Chips (Agilent
5067-1511) and NanoDrop 1000, respectively.
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